Nutritional evaluation of selected Hong Kong seaweeds as well as their protein concentrates. by Wong, Ka Hing. & Chinese University of Hong Kong Graduate School. Division of Biology.
NUTRITIONAL EVALUATION OF SELECTED 
HONG KONG SEAWEEDS AS WELL AS THEIR 
� PROTEIN CONCENTRATES 
by 
WONG KA KING 
A Thesis Submitted in Partial Fulfillment of the Requirements for the Degree of 
Master of Philosophy in Biology 
©The Chinese University of Hong Kong 
May 2000 
The Chinese University of Hong Kong holds the copyright of this thesis. Any 
person(s) intending to use a part or whole of the materials in the thesis in a proposed 
publication must seek copyright release from the Dean of the Graduate School. 
» 
！卜(統系馆書圖>，、 





This thesis is dedicated to my dear parents for their support, encouragement and 






Prof. Peter Chi Keung Cheung (Supervisior) 
Prof. Ho Shan Kwan 
Prof. Put O. Ang Jr. 




The author wishes to express his gratitude to those individuals whose help made 
� th is study possible. 
I deeply appreciate Prof. Peter C. K. Cheung for serving as my supervisor and 
for his patience, continuous guidance, valuable suggestion and discussion, 
encouragement and care throughout the entire period of this research. 
I sincerely thank Prof. H. S. Kwan and Prof. P. O Ang Jr. for their help, advice 
and valuable time as the member of my thesis committee. 
I would like to thank Prof. N. Montano for his concerns, advice and willingness 
to serve as my external examiner. 
Particular thanks are extended to Prof. P. O. Ang Jr.，his Research Assistant and 
students for their help in collecting and identifying seaweed samples over the study 
period. 
Special thanks are due to my laboratory technician, Mr. C. C. Lee, for his help 
and friendship throughout my entire study. In addition, I would like to thank all the 
staff of the Department of Biology, The Chinese University of Hong Kong, for their 
assistance in my research. 




The nutritional values of six common Hong Kong seaweeds, Sargassum 
�hemiphyllum (Turn.) C. Ag., Sargassum henslowainum C. Ag., Sargassum patens 
Ag. (brown seaweeds), Hypnea charoides Lamouroux, Hypnea japonica Tanaka (red 
seaweeds) and Ulva lactuca Linnaeus (green seaweed) as well as their protein 
concentrates were evaluated both chemically and biologically. In addition, the 
effects of oven-drying and freeze-drying on the nutritional values of the seaweeds 
were also investigated. 
In general, freeze-drying treatment was found to give better nutritional value 
(proximate composition and amino acid profile) to the three Sargassum species 
(brown seaweeds) with greater potential (physico-chemical properties) to act as food 
ingredient in formulated food. However, oven-drying did not only significantly (p < 
0.05, two-way ANOVA, Tukey-HSD) improve the protein extractability but also the 
quality of the three brown seaweed PCs (amino acid profiles and in vitro protein 
digestibility) by significantly {p < 0.05, two-way ANOVA, Tukey-HSD) reducing the 
total phenolic contents in the seaweeds as well as in their PCs. The experimental 
protocols of the brown seaweeds were then applied to H. charoides, H. japonica (red 
seaweeds) and U. lactuca (green seaweed) as well as their PCs in order to evaluate 
their nutritional values. 
The two Hypnea species were found to be the most suitable ones for extracting 
seaweed PCs because of their balanced amino acid profiles, highest crude protein 
content and protein extractability (p < 0.05, one-way ANOVA, Tukey-HSD). 
Besides, the purity (83.1-85.0%) and in vitro protein digestibility (88.7-88.9%) of 
these two seaweed PCs were also the highest {p < 0.05, one-way ANOVA, Tukey-
iv 
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HSD). The bioavailability (biological evaluation of protein quality in growing rats) 
of the two Hypnea PCs was similar to each other but they were lower than that of 
casein. This was indicated by their significantly (p < 0.05, one-way ANOVA, 
�Tukey-HSD) lower levels of nitrogen balance (NB), true protein digestibility (TD), 
net protein utilization (NPU) and utilizable protein (UP). However, their biological 
indices were comparable to those of some common plant PCs. Furthermore, both 
seaweed PCs had no adverse effect on the weight of some major organs in rats. 
Finally, the functional properties of the two Hypnea PCs were also determined 
and compared with those of soybean PCs. All three PCs had the minimum nitrogen 
solubility at pH 4. Besides, the two seaweed PCs had significantly (p < 0.05, one-
way ANOVA, Tukey-HSD) higher water and oil holding capacity, significantly (p < 
0.05, two-way ANOVA, Tukey-HSD) lower viscosity and foam stability as well as 
similar emulsifying activity and foam capacity when compared with those of the 
soybean PCs. Except emulsion stability and viscosity, no significant difference on 










此，烘乾處理透過顯著地(P < 0.05, two-way ANOVA, Tukey-HSD)降低褐藻及 




由於擁有均衡的氣基酸含量，以及最高的(P < 0.05, one-way ANOVA, 
Tukey-HSD)粗蛋白量和蛋白提取能力，兩種沙菜被發現爲最適合用作蛋白提取 
的海藻。此外，這兩種濃縮蛋白的純度（83.1-85.0%)以及蛋白體外消化率 











沙菜濃縮蛋白均有顯著較高的(P < 0.05, one-way ANOVA, Tukey-HSD)保水性 
和保油性，顯著較低的(P < 0.05, two-way ANOVA, Tukey-HSD)黏度和發泡穩 
定性，以及相近的乳化活性和發泡能力。除了乳化穩定性及黏度，兩種沙菜濃 
縮蛋白的功能性沒有顯著的分別。 
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Chapter one: General introduction 
1.1. Definition 
� 
When seaweeds were first classified, a Latin name "algae" was given to this 
large marine group (Bold & Wynne, 1985). Because of convenience, subsequent 
record of smaller marine forms together with freshwater and terrestrial forms were 
also included under the name of "algae" although they are not seaweeds. As a result 
of this, although "algae" and "seaweeds" originally meant the same thing, it is now 
necessary to distinguish between these two terms (Hodgkiss & Lee, 1983). 
"Algae" are defined as the group of primitive photosynthetic plants lacking true 
leaves, stems and roots (Bold & Wynne, 1985; Chapman, 1970; Hodgkiss & Lee, 
1983). "Seaweeds" are marine macroscopic forms (a kind of algae) usually 
composed of a recognizable blade (leaf like or not leaf like), a stem-like stipe and 
rootlike simple rhizoids and complex holdfasts (Hillson, 1977; Hodgkiss & Lee, 
1983; Lee, 1977). In fact they range from forms just visible with the naked eye to 
massive forms. In common with all algae they reproduce asexually by means of 
spores and fragmentation and sexually by means of gametes. They occur in the 
oceans and coastal waters and generally fasten themselves to the sea floor by rhizoids 
1 
or holdfasts. The root-like system is not for nutrient gathering as is the case with 
higher plants. Instead, seaweeds take in nutrients through their entire photo synthetic 
surface and the rhizoids or holdfasts are simply organ of attachment (Bold & Wynne， 
� 
1985; Hodgkiss & Lee, 1983). 
1.2. Classification 
The classification of algae is complicated and based on several factors such as 
pigments, external form, chromatophore shape, reserve food products, flagella, cell 
wall, nucleus, chromosome, algal physiology, life history and reproduction as well as 
ecological data (Shanna，1986). In general, seaweeds can be classified into five 
divisions of algae: Cyanophyta (blue-green algae), Chrysophyta (golden and yellow-
green algae including diatoms), Chlorophyta (green algae), Rhodophyta (red algae) 
and Phaeophyta (brown algae) (Bold & Wynne, 1985). Because of abundance and 
economic importance, in my research, I would like to focus on three main groups of 
algae: Phaeophyta, Rhodophyta and Chlorophyta. 
The division Phaeophyta (brown algae) classified in about 265 genera and over 
1,500 species (Bold & Wynne, 1985). They are almost exclusively marine 
occurrence, that only 6 genera have been recorded form fresh water (Chapman, 1970; 
2 
Harlin & Darley，1988; Hillson, 1977). On temperate rocky shores in both northern 
and southern hemispheres, brown algae are a conspicuous intertidal component, 
extending from the upper littoral zone into the sublittoral zone, sometimes to depth 
of 220 m in clear tropical waters (Bold & Wynne, 1985). Brown algae range in size 
from microscopic epiphytes to the largest of marine plant, Macrocystis, which 
reaches 60 m or more in length (Sharma, 1986). The food reserve is known as 
laminaran, which is a soluble polysaccharides reserve composed primary of (3-1,3-
linked glucans, with a variable degree of P-1,6-linkages (McCandless, 1981). The 
laminaran content ranges from less than 2 to 34% of the algal dry weight (Powell & 
Weeuse, 1964). Besides, Mannitol is of universal occurrence in the Phaeophyta 
(Bold & Wynne, 1985). Cell walls of brown algae are composed of an inner 
cellulosic layer and outer slimy layer. Alginic acid, a polymer of 5-carbon acids (D-
maimuronic and L-guluronic acid), which localized both in the cell wall and in the 
intercellular spaces (Evans & Holligan, 1972) may constitute up to 50% of the dry 
weight of algae. Besides, the proportion of the two uronic acids can be quite 
variable, with reports of the D-maimuronic acids content ranged from 30 to 97% 
(Haug et al.，1969). The alginates (salts of alginic acids) having both structural and 
ion-exchange roles as well as functioning in retarding desiccation are used 
extensively in a variety of commercial purposes because of the emulsifying and 
stabilizing properties. In addition, sulfated polysaccharides, fucoidan, are also 
3 
present in the water-soluble extract of brown algae. 
The photosynthetic pigments of brown algae include chlorophyll a and c, P-
carotene, violaxanthin, and fucoxanthin (Goodwin, 1974), with occasional traces of 
diatoxanthin and diadinoxanthin (Bold & Wynne, 1985; Sharma, 1986). The typical 
rich brown color is attributed to the presence of an accessory pigment called 
fucoxanthin, which masks the presence of the green photosynthetic chlorophyll (Bold 
& Wynne, 1985; Hillson, 1977; Wood et al., 1982). This pigment shows maximum 
absorption of wavelength in the green-yellow-orange region of the light spectrum 
(500-540 nm), which penetrates into the intermediate depth of water. This explains 
the fact that brown seaweed mainly occupies the midzone of shoreline (Lee, 1977; 
Wood et al., 1982). Besides, the anatomical feature (the tough, pliable fronds) of 
brown seaweeds enables it to withstand the tearing action of the wave by “flowing” 
with the movement of the water with little risk of damage (Wood et al, 1982). 
Rhodophyta (red algae) range from pink to rose red to reddish purple. The red 
color is due to the presence of a water-soluble, light intensity dependent accessory 
pigments, r-phycoeiythrin and r-phycocyanin (Bold & Wynne, 1985; Sharma, 1986; 
Wood et al., 1982). This pigment shows maximum absorption of wavelength in the 
green region of the light spectrum, masking the chlorophyll {a and d) as well as 
4 
carotenes and hence may enable the red algae to colonize habitats to a quite 
considerable depth (Bold & Wynne, 1986; Hillson, 1977; Wood et al., 1982). Of the 
approximately 4,000 known species of red algae, about 98% occur in marine 
(Chapman, 1970; Harlin & Darley, 1988; Hillson, 1977; Sharma, 1986). They range 
in size from microscopic unicellular to fairly large macroscopic thalli (Hillson, 
1977). The food reserve of the red algae is floridean starch, which always located 
scattered in the cytoplasm (Bold & Wynne, 1985; Sharma, 1986). Other reserve 
including sugars and glycosides such as floridean and sucrose (Craigie, 1974). The 
cell walls of red algae consist of an inner rigid component made up of microfibrils 
and outer more amorphous component consisting of mucilage. The fibrillars 
component of most red algae is composed of cellulose, which occurs in randomly 
arranged microfibrils. The mucilaginous, amorphous matrix of the wall in red algae 
is usually a sulfated galactan polymer such as agar, porphyran, fiircellaran and 
carrageenan capable of forming gels under proper conditions. Besides, the red algae 
are characterized by total absence of flagellated motile stages (Bold & Wynne, 1985; 
Sharma, 1986). 
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The Chlorophyta (green algae) grow in waters of great range of salinity. 
Several order of green algae are exclusively marine. Both benthic and planktonic 
species occur. A number grow in subaerial habitats. Green algae include 
•v 
approximately 425 genera and 6,500 species (Sharma, 1986). They are limited to 
shallow water because of the absence of any accessory pigments (Wood et al, 1982). 
The pigments of the chloroplasts of green algae are chlorophyll a and h (Meeks, 
1974); a-, P-, and y- carotenes; and several xanthophylls (Bold & Wynne, 1985; 
Goodwin, 1974, 1980). Their carotenes and chlorophylls show maximum 
wavelength absorption in the red and blue region of the light spectrum. These 
wavelengths only allow the green algae to carry out photosynthesis at the surface of 
the sea or exposure at low tide. This confinement to the upper limits of the littoral 
zone serves to protect the green algae from the main force of wave action. Hence 
green algae exhibit a delicacy structure, which is not found in the other two families 
(Wood et al., 1982). Besides, the predominance of cellulose (p-1,4-glucopyranoside) 
as a cell wall material also causes the green algae to be more amenable to 
mastication, at least to humans (Bold & Wynne, 1985; Wood et al., 1982). Members 
of this division range in size from microscopic plant (visible only with a microscope) 
to individual plants 15 or more inches in length (Hillson, 1977). Starch is the chief 
food reserve of green algae (Sharma, 1986). Phycobilins are absent but pyrenoids 
are usually present in the chloroplasts (Bold & Wynne，1986; Sharma, 1985). 
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According to the FAO year book (1985), high production areas for seaweeds are 
mainly in the temperate zones where the temperature of summer surface water does 
not exceed 20 °C. Moreover, according to Zemke-White & Ohon (1999), the annual 
world seaweeds production in 1994/1995 for Chlorophytes (includind Ulva), 
Phaeophytes (including Sargassum) and Rhodophytes (including Hypnea) were 
59,98 tones, 1,042,507 tones and 956,954 tones, respectively. 
1.3. Potential food use of seaweed 
The annual world seaweeds production in 1994/1995 over 2 million tones dry 
weight and 90% of which came from just six countries (China, France, UK, Korea, 
Japan, Chile) (Zemke-White & Ohon, 1999). At least 221 species of seaweeds were 
used, with 145 species for food and 101 species for phycocolloids production 
(Zemke-White & Ohon，1999). Therefore, this marine resource is mainly exploited 
for food additive and sea vegetable production. Seaweeds as a source of human food 
have been used in most of the world but most extensively in Asian countries like 
China, Japan and Korea. Although the use of seaweeds as food has been recorded 
by the Chinese for millennia (Tseng, 1983; Xia & Abbott’ 1987), it is the Japanese 
who have introduced their favorite recipes for algae to Westerners and thus expanded 
their awareness of seaweeds as food (Abbott, 1988). Japanese people consume 
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annually as much as 1.6 kg (dry weight) per capita for various seaweeds (Fujiwara-
Arasaki et al.，1984). China is also one of the main consumers with 74 species and 
36 genera of edible seaweed (Abbott, 1988; Arasaki & Arasaki, 1983; Chapman & 
Chapman, 1980; Xia & Abbott, 1987). It was estimated that about 100 million jin of 
fresh and dried seaweeds are consumed in China each year (1 jin equivalent to about 
0.5 kg) (Xia & Abbott, 1987). Western countries usually do not use the whole 
seaweeds for food as the Orientals do, instead they use seaweeds extractives like 
agars, alginates and carrageenans (phycocolloids) in their food preparations as 
thickening and gelling agents (Abbott, 1996; Mabeau & Fleurence, 1993). The 
number of prepared western food including seaweed products is very large, and their 
presence in processed food remain unknown unless one carefully reads food labels 
(Abbott, 1996). Chocolate milk is a good example of a product that has been 
improved by the addition of seaweed extract such as carrageenans as a thickening 
agent. In the past, the chocolate would separate out from the milk. However, today, 
it is impossible to buy chocolate milk like that in U.S. because the suspended or 
thickened chocolate milk makes people think that they are swallowing a milk shake 
(Abbott, 1996). 
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Exploitation of seaweed resources has attracted the attention of scientists all 
over the world because of their possible economical uses in various fields (Qaism et 
al.，1976). As a result of recent interests in maintaining a healthy diet, the potentials � 
, ' 
of seaweed as source of natural and health food have been widely recognized and 
studies on the nutritional values of seaweed have become more widespread (Jurkovic 
et al.，1995; Norziah & Ching，2000; Robledo & Pelegrin，1997). Because of the 
new technology developed for seaweed harvesting, processing and cultivation, the 
utilization of seaweed for either direct human consumption or as ingredients for food 
industry is becoming more widespread and is of greater economic value than ever 
before (Wang & Chiang, 1994). Besides, the consumption of edible seaweed has 
been increasing worldwide over the past few years. Since 1984, the production of 
seaweed worldwide has grown by 119%: 376% for Chlorophytes, 167% for 
Rhodophytes, and 97% for Phaeophytes (Zemke-White & Ohon, 1999). 
Furthermore, in 1990, seaweeds, which were not considered as food in the past, have 
been approved in France as vegetables or condiments (Mabeau & Fleurence，1993; 
Mabeau et al, 1992). Therefore, the nutritional values of seaweed have made them a 
valuable vegetable (fresh or dried) and also as ingredients for a whole range of health 
foods nowadays. 
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1.4. Hong Kong seaweeds 
The seaweed flora of Hong Kong is fairly rich with more than 200 confirmed 
••V 
- , . 
species (Hodgkiss & Lee, 1983). However, seaweeds in Hong Kong are relatively 
under-utilized. They are mainly used as animal feed and fertilizers by the coastal 
villagers. There are three main characteristics of the Hong Kong seaweeds. The first 
one is their seasonal nature. In Hong Kong, due to strong climatic seasonality, 
marked temporal differences occur in the composition of algal assemblages on rocky 
shores (Hodgkiss, 1984; Kaehler & Wimams, 1996; Kennish et al.，1996; William, 
1993). During the cool winter season (November-March), when mean monthly 
temperature drops to 17 most shores support a large diversity of foliose， 
filamentous and encrusting seaweeds. However, for the rest of the year shores 
appear barren of erect seaweeds and encrusting species dominate the intertidal zone 
(Kaehler & Williams，1996). During this period, air and sea surface temperatures 
may rise to 36 °C and 28 °C, respectively, and the majority of Hong Kong seaweeds 
become bleached and killed (Williams, 1993). This may be explained by the fact that 
in summer when low tide occurs during the afternoon, seaweeds are exposed to 
strong sunlight for a very long period of time. This over-heating and over-drying 
conditions may cause the seaweed to die. For seaweeds to re-grow, the period of 
exposure should be shorter and the illumination of sunlight should be weaker 
10 
(Hodgkiss & Lee, 1983). Besides, the seaweed flora of Hong Kong also shows 
spatial distribution which is affected by a number of factors such as the type of 
substrate (rock, boulder or sand), the degree of exposure to wave action, the � 
differences in salinity of sea from the west to the east of Hong Kong. Finally, the 
Hong Kong seaweeds also show a spatial zonation from the top to the bottom of the 
shore. Only two zones are usually apparent in Hong Kong and the most common 
patterns is Chlorophyta and a mixture of Phaeophyta and Rhodophyta. Sargassum 
species (S. hemiphyllum (Turn.) C. Ag., S. henslowainum C. Ag. and S. patens Ag.) 
(brown seaweeds), Hypnea species {H. charoides Lamouroux and H. japonica 
Tanaka) (red seaweeds) and Ulva species (U. lactuca Linnaeus) (green seaweed) are 
the most common and highly abundant subtropical seaweeds found in Hong Kong. 
Since they occur in sufficient quantity to possess an economic value, they were 
selected for nutritional evaluation in this research project. 
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1.5. Sargassum species 
Sargassum, being a very large brown seaweed genus with nearly 400 species 
(Tseng et al., 1985), is widely distributed in the intertidal and shallow subtidal rocky 
substrata of the tropical and subtropical coastal waters (De Wreede, 1976, 1978; 
Hurtado & Ragaza, 1999; Morrisey, 1980). The annual world production of 
Sargassum in 1994/1995 was about 7,949 tones dry weight (Zemke-White & Ohon, 
1999) mainly produced from India, Philippines and Vietnam. Some of the 
Sargassum species have been used as human food (Chapman & Chapman, 1980; 
Hurtado & Ragaza, 1999; Wang & Chiang, 1994; Zemke-White & Ohon^ 1999), 
animal feed (Carrillo et al, 1992; Wang & Chiang, 1994) and medicine (Scheuer, 
1978-81; Tseng & Chang, 1984; Wang & Chiang, 1994; Zemke-White & Ohon, 
1999). Besides, they have been collected and used as fertilizer (Ragaza & Hurtado, 
1999; Wang & Chiang，1994) and raw material for the alginate processing industry 
in Mainland China (Ho, 1988; Tseng, 1984), Philippines (Ang, 1984; Lasema et al., 
1981; Ragaza & Hurtado, 1999; Sumera et al., 1993; Trono et al., 1994)，India 
(Thomas & Subbasamaiah, 1991; Zemke-White & Ohon, 1999), Vietnams (Zemke-
White & Ohon, 1999) and the United States (Hanisak & Samuel, 1987). In Hong 
Kong, Sargassum species are only used as fertilizers by the coastal communities 
(Hodgkiss & Lee，1983). 
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1.6. Hypnea species 
Despite the wide distribution of Hypnea species in tropical and warm 
temperature waters of the world, only a few species have been identified in China. In 
the past, the five confirmed Hypnea species for China are H. boergesenii, H. 
cervicomis, H. charoides, H. japonica and H. pannosa. (Xia et al., 1993). Recently, 
Xia and Wang (1997) added H. chordacea, H. comuta and H. spinella to the list, 
giving a total of eight Hypnea species from China. Some species of Hypnea have 
been used directly as food or as raw material for the production of phycocolloids 
such as carrageenans (FAO, 1976; Hoppe，1969; Xia & Abbott, 1987; Zemke-White 
& Ohoiij 1999). H. charoides is used medically to reduce fever while H. japonica is 
used as pig feed in Guangdong (Hodgkiss & Lee, 1983). Besides, both Hypnea 
species are used as human food and in agar production in Taiwan (Wang & Chiang, 
1994). 
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1.7. Ulva species 
Ulva, commonly called "sea lettuce", are found in the littoral zone and present 
in subtidal zone of the sea (Sharma, 1986). Ulva is represented by about 30 species, 
of which U. lactuca is the most common one. The annual world production of Ulva 
in 1994/1995 was about 1,500 tones dry weight (Zemke-White & Ohon, 1999) 
mainly came from Japan. For ages, the Chinese people have been utilizing U. 
lactuca for many medicinal purposes such as antipyretics, coolers (refreshing liquid), 
treatment of sunstroke, urinary diseases, dropsy and boils (Tseng & Chang，1984). In 
Hong Kong, U. lactuca is commonly called "kawn po" and is said to have a cooling 
effect during fevers (Hodgkiss & Lee，1983). Commonly, this seaweed is used as 
ingredients in soup, salads and as garnishment (Chapman, 1970; Hillson, 1977; 
Hodgkiss & Lee，1983; Indegaard & Minsaas，1991; Zemke-White & Ohon, 1999). 
In some places, it is also used as food for hogs and other domestic animals (Hillson, 
1977; Wang & Chiang，1994). Besides, in Taiwan, fishermen often use Ulva species 
as bait specially for catching "white hair” (Kyphosus) and "black hair" (Girella) fish 
(Wang & Chiang, 1994). 
14 
I 
1.8. Design of research project 
The design of the present research project is briefly outlined in Figure 1.1. As 
•v 
_ ' 
mentioned above, a total of six Hong Kong seaweeds were selected for the present 
research: S. hemiphyUum, S. henslowianum, S. patens (brown seaweeds), H. 
charoides, H. japonica (red seaweeds) and U. lactuca (green seaweed). As fresh 
seaweeds deteriorate fairly quickly, they should be dried before being applied in 
nutritional studies or in industry. Different drying methods have different advantages 
and disadvantages based on the drying time, operation cost, consistency of quality. 
Therefore, the selection of a proper drying method is very important with respect to 
the purpose of use of seaweed. Besides, it has been found that different drying 
methods greatly affected the nutritional value (proximate chemical composition and 
amino acid profiles) of S. hemiphyUum (Chan et al., 1997). Therefore, at the 
beginning of the present research project, the effect of different drying methods on 
proximate composition and amino acid profiles of the three Sargassum species 
(brown seaweeds) were investigated in order to find out whether different drying 
methods have similar effect on the nutritional value of species of the same genus and 
to determine which drying method would best preserve the nutritional value of 
seaweeds. In general, there are three different methods for drying seaweeds: sun-
drying, oven-drying and freeze-drying. Although sun drying is a simple and 
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Figure 1.1. The design of research project 
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inexpensive method for drying seaweeds, oven-drying and freeze-drying were 
chosen in the present research. As the fresh seaweed samples were collected 
separately throughout the seasonal period of the Hong Kong seaweeds, they were 
dried separately before combined into a single batch. Since sun-drying is highly 
dependent on the weather conditions, different batches of fresh seaweed samples 
would be treated under different conditions of sun-drying before combining together. 
In the present study, the effect of different drying methods is an important factor to 
be investigated and their conditions should be under control and consistent. In 
recent food market, apart from being as sea vegetables and as a source of 
phycocolloids, whole pieces of seaweed acting as food ingredients in food products 
are available (e.g. seaweed-based potato chips). Therefore, the effect of different 
drying methods on some physico-chemical properties (swelling capacity, water 
holding capacity and oil holding capacity) of the Sargassum species were also 
evaluated in order to find out which drying method was most suitable for seaweeds 
to act as food ingredient in formulated diets (Chapter 2). The selected drying method 
was then applied to red and green seaweed samples (Chapter 4). 
17 
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The potential of seaweeds as food protein source depends on species and 
seasonal period (Fleurence, 1999a). Generally, the crude protein content of brown 
seaweeds (5-15% of sample dry weight) is low when compared with that of red and � 
green seaweeds (10-30% of sample dry weight) (Mabeau & Fleurence, 1993). In 
some red seaweeds, such as Palmaria palmata and Porphyra tenera, protein content 
represent up to 35 and 47% of sample dry weight, respectively (Fujiwara-Arasaki et 
al., 1984; Morgan et al., 1980) which are comparable to that of soybean (Fleurence, 
1999a). However, based on the average daily consumption of seaweeds (5 g of dry 
weight) by Japanese, only less than 3% of protein can be supplied by the seaweed 
with respect to the daily requirement of protein in humans. This is probably due to 
the fact that seaweed proteins are strongly associated with the seaweed 
polysaccharides (Fleurence et al., 1995; Ito & Hon, 1989; Jordan & Vilter, 1991) 
leading to their poor digestibility. To exploit this potential plant protein source, 
extraction of seaweed protein concentrates would be a proper means. As red and 
green seaweeds contain relatively higher crude protein content than that of brown 
seaweeds, they would give higher yield of seaweed protein concentrates. In the 
present research, the effect of different drying method on protein extractability of the 
brown seaweeds (Sargassum species) as well as the quality of their protein 
concentrates were first investigated to find out which drying method would be more 
suitable for seaweed protein extraction that gives better protein quality (amino acid 
18 
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profiles and in vitro protein digestibility) of seaweed protein concentrates (Chapter 
3). Then the suitable drying method was applied to the potential red and green 
seaweed samples before protein extraction (Chapter 5). Therefore, at the beginning 
of the present research, the brown seaweeds {Sargassum species) was mainly used to 
develop protocols (platforms), which would be in turn applied to the red and green 
seaweed samples. As a result, the nutritional value, phyisco-chemical properties, 
protein extractability of the red and green seaweed samples as well as the quality of 
their protein concentrates would be obtained under a proper drying method with 
respect to different purposes (Chapter 4 & 5). Subsequently, the bioavailability of 
seaweed protein concentrates containing the highest protein quantity (protein 
extractability) and quality (amino acid profiles and in vitro protein digestibility) was 
further assessed in rats (Chapter 6). In addition, the functional properties of these 
potential seaweed protein concentrates were also determined and compared with 
those of the common soybean protein concentrates in order to evaluate its potential 
use as functional food ingredients in food industry (Chapter 7). Details of the 
background of each experiment will be described in individual chapters. 
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Chapter two: Effect of different drying methods on proximate 
composition, amino acid profile and some physico-chemical 
properties of brown seaweeds, Sargassum hemiphyllum and 
Sargassum henslowianum and Sargassum patens 
2.1. Introduction 
Fresh seaweeds collected from the sea consist of 70-90% water (Jensen, 1993). 
As seaweeds deteriorate rapidly, it is very important to remove the water from 
seaweed soon after their harvest. Besides, drying can also reduce the enormous wet 
bulk of seaweeds before being used in any nutritional studies or industrial 
processing. It has been found that crude extracts from fresh wet seaweeds do not 
gel. However, if properly dried, not only the maximum yield of phycocolloids 
extraction can be achieved, but also the seaweed samples can be stored for a number 
of years without appreciable loss of their gelling property (FAO, 1976). 
Oven drying (Hamdy & Dawes, 1988; Qari, 1988) and freeze drying (Mabeau et 
al, 1992) are two widely used methods employed in seaweeds studies. The basic 
mechanism of oven drying method is heating by hot-air convection. The drying 
temperature is usually below 65 °C to avoid adverse thermal reactions (Anderson, 
20 
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1996), and the common drying time is 8-16 hours for seaweeds. In general, rapid 
drying under high temperature causes complex and physical degradative changes and 
losses of volatile compounds such as flavor and aroma in plant materials (Fellows, 
1988). Freeze drying is developed to overcome the problem of the loss of volatile 
compounds in food during conventional drying operations. In freeze-drying, 
seaweeds are frozen and dried by direct sublimation of the ice under reduced 
pressure. This process minimizes the physical damage to the plant, enhances 
reconstitution characteristics and minimizes the occurrence of oxidation and thermal 
reactions. 
Drying could be an important factor affecting the nutritional value of seaweeds 
either through modifications or direct losses of the nutrients. Previously, our 
research group has reported that the nutritional composition of S. hemiphyllum was 
greatly affected by different drying methods (Chan, et al., 1997). However, 
information concerning the effect of different drying methods on the nutritional 
composition of seaweed belonged to the same genus is limited. 
21 
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Brown seaweeds are one of the most abundant seaweed groups with economic 
importance. Within this group, nearly 400 species belong to the genus Sargassum 
(Tseng et al., 1985) and they are widely distributed in the inter-tidal and shallow sub-� 
- - ‘ 
tidal rocky substrata of the tropical and subtropical coastal waters (De Wreede, 
1976’ 1978; Hurtado & Ragaza, 1999; Morrisey, 1980). Some of the Sargassum 
species have been used as human food (Chapman & Chapman^ 1980; Hurtado & 
Ragaza, 1999), animal feed (Carrillo et al, 1992) and medicine (Scheuer, 1978-81; 
Tseng & Chang, 1984). Besides, they have been collected and used as fertilizer 
(Hodgkiss & Lee, 1983; Ragaza & Hurtado, 1999) and raw material for the alginate 
processing industry in Hong Kong nearby regions (Ho, 1988; Tseng, 1984), India 
(Thomas & Subbasamaiah, 1991) and the United States (Hanisak & Samuel, 1987). 
i 
I 
Sargassum hemiphyllum, Sargassum henslowianum and Sargassum patens are 
three subtropical seaweeds, which are very abundant in Hong Kong (Hodgkiss & 
Lee, 1983). The aim of this study was to determine the effect of different drying 
methods on chemical composition, amino acids profiles of these three Sargassum 
species. Furthermore, some physico-chemical properties of the oven- and freeze-
dried seaweeds were also investigated in order to evaluate which drying method 
would be more suitable for making seaweed as food ingredients. 
22 
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2.2. Materials and methods 
2.2.1. Sample preparation 
All samples of seaweed, S. hemiphyUum, S. henslowianum and S. patens, were 
collected from Lung Lok Shui at Tung Ping Chau (114°26'E 22°33'N), on the 
northeast of Hong Kong, (Figure 2.1) between December 1997 and April 1998. 
Fresh plants were thoroughly washed with distilled water and their holdfasts and 
epiphytes were removed. The cleaned seaweeds were divided into two groups. One 
group was dried in a 60 °C air oven for 15 h (oven-dried group) (Figure 2.2). The 
other group was frozen in a -70 °C freezer for 24 h and then dried in a freeze-drier 
I 
(Labconco, MO) for 5 days (freeze-dried group) (Figure 2.2). All samples were 
dried to constant weight. The dried samples were pulverized by using a cyclotech 
mill (Tecator, Hoganas, Sweden) to pass through a screen with an aperture of 0.5 
mm. The milled seaweed samples were then stored in airtight plastic bags in 
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Figure 2.1. Map of Tung Ping Chau, Hong Kong showing the two collection sites: 































































2.2.2. Proximate analysis 
2.2.2.1. Crude protein content 
Two to three milligrams of seaweed samples were weighed accurately into an 
aluminium capsule, which was then compressed into a dice by forceps. The 
compressed aluminium dice was transferred into an auto-sampler of a CHNS/0 
Elemental Analyzer (Perkin Elmer 2400, Connecticut, USA) to determine the 
nitrogen content of the sample at 970 °C by combustion. The crude protein content 




2.2.2.2. Ash content 
According to Official Methods of Analysis (4.1.10) (AOAC, 1995), about 2 g of 
seaweed samples were weighed separately into acid-washed and pre-weighed 
porcelain crucibles. The crucibles were then placed in a temperature-controlled 
Muffle Furnace (NEY llOOC, V U L C A N ™ A-550, A & P Instrument Co. Ltd.) pre-
heated to 525 °C. This temperature was maintained for 24 h. After ashing, the 




2.2.2.3. Total dietary fiber (TDF) content 
The content of total dietary fiber in seaweeds was determined according to the 
� 
Official Methods of Analysis of AO AC (32.1.17) (AO AC, 1995). The AO AC 
method is an enzymatic-gravimetric procedure. In brief, one gram of seaweed 
I 
sample was added in 40 ml 0.05 M Mes-Tris buffer (pH 8.2) followed by the addition 
I 
I 
of 50 \x\ heat-stable a-amylases (EC 3.2.1.1 from Bacillus licheniformis, catalog no. I 
J 
A33306, Sigma Chemical Co., St. Louis，MO). Then the mixture was incubated in a i 
I 
boiling water bath (95-100�C) for 30 minutes. After cooled to 6 0 � C , 100 
bacterial protease (from Subtilisin Carlsberg, catalog no. P3910, Sigma) was added ) 
• 
to the mixture, which was incubated at 60 °C for 30 min with continuous agitation. 
After that 5 ml 0.561 N hydrochloric acid was dispensed into the mixture, and the pH 
of the mixture was adjusted to 4.0-4.7 at 60 °C by using 1 N sodium hydroxide or 1 
N hydrochloric acid. Then 300 |LI1 fiingal amyloglucosidase (EC 3.2.1.3 from 
Aspergillus niger, catalog no. A3513，Sigma) was added into the mixture and 
incubated at 60 °C for further 30 min with continuous agitation. The heat stable a -
amylase enzymes were used to gelatinize the samples and had been tested to be free 
of /?-glucanase, while the protease and amyloglucosidase were used to hydrolyze 
protein and remove starch respectively. The enzyme-treated mixture containing the 
buffer solution and non-digestible materials was precipitated with four volumes of 
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absolute ethanol. Then the ethanol-insoluble residue was filtered with the Fibertec 
System E (1023 Filtration Module, Tecator, Hoganas, Sweden). The residue 
recovered was washed two times each with 15 ml of 78% ethanol, 95% ethanol and 
-*V 
acetone successively. The residue obtained was dried in an air oven at 105 °C 
overnight. Following the same procedure, a reagent blank was prepared without any 
I 
I 
sample added. The gravimetric yield of the seaweed fiber material or TDF was 
I 
obtained after correcting the weight of ash, residual protein content and the blank. ！ 
i 
I 







About 3 g of seaweed samples, which were placed inside a fat-free thimble was 
covered by some pre-weighed defatted cotton wool. The loaded thimble was then 
placed in a Soxhlet extractor (Soxtec System HT6, Tecator, Hoganas, Sweden) 
preheated to 160 A pre-weighed extraction cup containing 20-25 ml solvent, 
chloroform: methanol (2:1, v/v) was inserted into the Soxhlet extractor. During the 
lipid extraction, the thimble was soaked in chloroform: methanol (2:1, v/v) at 160 °C 
for 1 h. Then the thimble was kept in a position above the chloroform: methanol 
(2:1, v/v) and rinsed by the condensed liquid of chloroform: methanol (2:1, v/v) for 
another hour in order to extract as much lipids as possible. After desolventization in 
the Soxhlet extractor, the dried extraction cup containing the residual oil was fiirther 28 
i 
dried in an air oven at 8 0 � C overnight. After cooling in a desiccator, the amount of 
crude lipid in the cup was determined gravimetrically. 
� 
2.2.2.5. Carbohydrate content 
I 




percentage of crude protein, ash, total dietary fiber and crude lipid from 100%. j 





About 3 g of seaweed samples were evenly distributed on an aluminium tray I 
I t 
and dried at 120 °C in an infrared moisture analyzer (Mettler LJ 16, Greifensee, 
Switzerland). The moisture content of the sample was reported and printed in every 
30 sec time interval until three identical readings were obtained consecutively. The 
last reading was accepted to be the moisture content of the sample and was expressed 
as percentage by weight. 
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2.2.3. Amino acid analysis 
2.2.3.1. Amino acids excluding cystine’ methionine, and tryptophan 
The amino acid content of seaweed sample was determined with the method of 
Gehrke et al. (1985). About 1 g of seaweed sample was placed into a vacuum 
dessicator overnight. Approximately 1-3 milligrams of dried seaweed samples were ； 
i 
weighed into a 2 ml screw-capped ampoule into which 0.5 ml 6 M hydrochloric acid 
(catalog no. H0636, Sigma Chemical Co., St. Louis, MO) was pipetted. Moreover, 8 
|il melted phenol (for the protection of tyrosine) and 8.2 |il norleucine (30.5 fil 
i 
I 
mole/ml of distilled water) (Sigma N-8513) were also added into the same ampoule. ! 
！ 
Norleucine was used as an internal standard at the level of 0.25 |il mole. The 
mixture in the ampoule was vortex-mixed. The ampoule was purged by nitrogen for 
20 sec, and the cap was screwed tightly. Then the seaweed sample was hydrolyzed 
in an oven for 24 h at 110 °C under vacuum. The acid hydrolysate was evaporated to 
dryness using a Speedvac concentrator (Savant Instrument，Farmingdale, NY, USA) 
and the dry residue was re-dissolved in 0.5 ml of citrate buffer (Beckman A303084, 
CA, USA). The sample solution was filtered through a 0.45 |im Nylon Acrodisc 
syringe filter (German Science, Northampton, UK) before being analyzed with an 
automated Amino Acid Analyzer (Beckman 6300, CA, USA) using a HPLC system. 
30 
The content of amino acids in the sample was calibrated by a mixture of standard 
amino acids (Beckman A304003, CA, USA), which contained each amino acid at a 
level of 0.25 |Limole. The amino acids recovered were presented as mg/g of protein. 




The content of cystine and methionine of seaweed sample was determined by 
the method of Gehrke et al. (1985). About 1 g of seaweed sample was placed in a | 
I 
vacuum dessicator overnight. Approximated 1-3 mg of the dried sample and 1 ml of 
1 
cold performic acid* were mixed in an ampoule which was allowed to stand for 14- 丨 
• 
I I 
16 h in an ice-bath inside a refrigerator. After oxidation, 0.1 ml hydrogen bromide 
(48% v/v) was added to the sample solution with the ampoule remaining in the ice-
bath for at least 5 min. The sample solution in the ampoule was then evaporated to 
dryness for 6 h using a Speedvac concentrator. After that, the dried residues as well 
as 0.25 fjmole norleucine in the ampoule were acid-hydrolyzed and the content of 
cystine and methionine were determined by the Amino Acids Analyzer mentioned in 
2.2.3.1. The content of cystine and methionine in the sample was calibrated by 0.25 




•Performic acid: 1 ml of 33% hydrogen peroxide was mixed with 9 ml of 88% 
formic acid. The mixture was kept for 1 h at room temperature (25 °C), and then 
cooled to 4 °C in an ice-bath before use. 
2.2.4. Physico-chemical properties 
2.2.4.1. Swelling capacity (SWC) | 
Swelling of seaweed samples was analyzed by the bed volume technique after i 
equilibrium in excess solvent (Kuniak & Marchessault, 1972). To 200 mg of * 
seaweed sample in a 50 ml measuring cylinder, 20 ml of de-ionized water were \ 
added and the mixture was then vigorously stirred. The measuring cylinder was left 
to stand for 24 h at 25 Swelling volume was measured and expressed as 
milliliters of swollen sample per gram of sample dry weight. 
2.2.4.2. Water holding capacity (WHC) 
WHC of seaweed samples was measured by the modified centrifugation method 
described by Suzuki et al (1996). Twenty milliliters of de-ionized water were added 
into each centrifuge tube containing 200 mg of seaweed samples. Then the tubes 
32 
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were incubated in a shaking water bath with temperature at 25 °C for 24 h. After 
centrifuging at 14,000 x g for 30 min, the supernatant was discarded and the 
moisture content of pellet was determined after dehydration in an oven for 2 h at 120 � 
The WHC of seaweed was expressed as the weight of water held by one gram of 
sample dry weight. 
2.2.4.3. Oil holding capacity (OHC) 
OHC of seaweed samples was determined by the method of Caprez et al (1986) j 
with slight modifications. About three grams of seaweed samples were placed in ’ 
each centrifuge tube, followed by the addition of 10.5 g of com oil. The tubes were 
left for 30 min at room temperature (25 °C) with agitation. After that, the mixture 
was centrifiiged at 2500 x g for 30 min. The oil supernatant was then removed and 
weighed. The OHC of seaweed samples was expressed as the number of grams of 




2.2.5. Statistical analysis 
All analyses were performed in triplicates and were presented as mean values 土 
S.D. All mean values were analyzed by two-way ANOVA and Tukey-HSD at < 
0.05 (SPSS 9.0, 1999) to detect significant differences among groups. 
2.3. Results and discussion 
2.3.1. Proximate composition 
Table 2.1 shows the effect of different drying methods on proximate ！ 
I 
composition of the three Sargassum species. Since the interaction effect between 
sample and drying on crude protein, TDF and carbohydrate contents were not 
significant {p < 0.05，two-way ANOVA), any effect of drying on crude protein, TDF 
and carbohydrate contents were the same among the three seaweed samples (SPSS 
9.0, 1999). However, an interaction effect between sample and drying on ash, crude 
lipid and moisture were obtained. Therefore, the ash, crude lipid and moisture 
should be discussed separately for sample and drying. In other words, the drying 
effect should be compared for each sample and the sample effect should be compared 












































































































































































































































































































































































































































































































































































































Although crude protein contents of the three seaweeds were significantly (p < 
0.05, two-way ANOVA, Tukey-HSD) different from each other, no significant 
differences on the crude protein content were found between the oven- and freeze-
• v 
- , ‘ 
dried samples within each species. Similar results were mentioned in previous report 
(Chan et al, 1997). Besides, the crude protein contents of the seaweed samples 
(5.03-11.9% DW) lied within the range (3-15% DW) for brown seaweeds that 
reported by Fleurence (1999a). However, the crude protein content of the S. 
hemiphyllum (oven- and freeze-dried) was lower than that of the same species from 
Philippines (7.30% DW) (Portugal et al, 1983). According to Fleurence (1999a), ； 
variations in the protein content of seaweeds can be due to species and seasonal 
period. ！ 
Except for S. henslowicmum, the ash contents of freeze-dried S. hemiphyllum 
and S. patens were significantly (p < 0.05, two-way ANOVA, Tukey-HSD) lower 
than those of the oven-dried samples. However, the possible explanation for this 
observation remained unknown. Under the same drying, the ash content of the S. 
patens was the highest (p < 0.05, two-way ANOVA, Tukey-HSD). Besides, all 
seaweeds exhibited high level of ash contents (20.7-28.8% DW), which consistent 
with the previous findings (Mabeau et al, 1992; Mabeau & Fleurence，1993). 
Furthermore, the ash content of the Sargassum species were comparable to those of 
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seaweed species of the same genus such as S. vulgare, S. enerve (19.3-20.5% DW) 
(Behairy & El-Sayed, 1983)，S. fulvellum and S. giganteifolium (23.6-46.1% DW) 
(Portugal et al, 1983). � 
" , -
Similar to crude protein content, the TDF of all oven-dried samples did not 
significantly (p < 0.05，two-way ANOVA, Tukey-HSD) differ from that of freeze-
dried samples. As shown in Table 2.1, the total dietary fiber was the most abundant 
component in these seaweeds (49.5-61.1% DW), which was higher than the levels 
found in land plant such as apple (14.2% DW) and cabbage (34.3% DW) (Mabeau et ' 
al, 1992). This observation was also in agreement with the results reported by ‘ 
several authors (Darcy-Vrillon, 1993; Ito & Hori，1989; Mabeau & Fleurence, 1993). 
I 
Table 2.1 also shows that there were no significant differences on the crude 
lipid contents of the seaweed samples under different drying methods except that the 
crude lipid content of oven-dried S. hemiphyUum was significantly (p < 0.05, two-
way ANOVA, Tukey-HSD) lower than that of the freeze-dried one. In contrast, no 
significant differences on the crude lipid content between the oven- and freeze-dried 
S. hemiphyUum were reported by Chan et al (1997). Under the same drying 
methods, the crude lipid content of S^'. patens was found to be the highest {p < 0.05, 
two-way ANOVA, Tukey-HSD). In general, the lipid contents of these three 
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Sargassum species were relatively low (3.06-6.17% DW) but slightly higher than the 
range (1-3% DW) for brown seaweeds reported by Mabeau and Fleurence (1993). 
� 
There were no significant differences on the carbohydrate contents between all 
the oven- and freeze-dried Sargassum species. However, under different drying 
methods, the moisture contents of the all oven-dried seaweed were significantly (p < 
0.05, two-way ANOVA, Tukey-HSD) lower than those of the freeze-dried samples. 
This observation agreed with previous findings (Chan et al., 1997) and could be 
explained by the fact that oven-drying removes more water from the samples than i 
freeze drying. However, no significant differences on moisture content was found ‘ 
among the brown seaweed samples subject to the same drying method (p < 0.05, 
two-way ANOVA, Tukey-HSD). 
In conclusion, except moisture, ash and crude lipid content, the effect of the 




2.3.2. Amino acid composition 
The effect of different drying methods on amino acid profiles of the three 
� 
- , ‘ 
Sargassum species is presented in Table 2.2. In this study, the amino acids (AA) 
丨  
analyzed represented both the free and combined amino acids. Besides, in Table 2.2, 
only the interaction effect between sample and drying on aspartic acid, serine and 
arginine were significant (p < 0.05, two-way ANOVA). 
There were no significant differences on the total essential amino acids (EAA) 丨 
between all oven- and freeze-dried seaweed. However, the total amino acid contents ‘ 
of all oven-dried brown seaweeds were significantly (p < 0.05, two-way ANOVA, 
Tukey-HSD) lower than those of the freeze-dried samples. Nevertheless, Chan and 
her co-workers previously reported that the total AA of the oven-dried S. 
hemiphyllum did not differ significantly (p < 0.05, two-way ANOVA, Tukey-HSD) 
from that of freeze-dried ones. Moreover, under different drying methods, the 
damage to the amino acids seemed to be non-specific as there were no significant 
differences on the levels of individual amino acids between the oven- and freeze-
dried samples. This observation agrees with the findings mentioned in recent report 
(Chan et al, 1997). Under the same drying method (oven- or freeze-drying), the 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































were the highest (p < 0.05, two-way ANOVA, Tukey-HSD) while no significant 
differences between S. patens and S. henslowianum were found on these three amino 
acids. However, subject to oven-drying, the difference on serine content among the 
three brown seaweeds was insignificantly (Table 2.2) 
In the present study, the three Sargassum species contained all the essential 
amino acids (EAA) (in different proportions, excluding tryptophan), which 
accounted for 36.1-43.1% of the total amino acid content {[Level of total EAAs 
(mg/g of protein) / Total AA (mg/g protein)] x 100%} (Table 2.2). Similar results [ 
have been obtained from other Sargassum species such as: Sargassum hoveanum ‘ 
(27.4%) (Qasim, 1991), Sargassum enerve (25.4%) and Sargassum vulgare (26.8%) 
(Behairy & El-Sayed, 1983). All seaweed samples exhibited similar non-essential 
amino acid patterns in which aspartic and glutamic acids were predominant (27.7-
40.5% of total AA). This observation was in accordance with the findings reported 
by several authors (Behairy & El-Sayed，1983; Fleurence, 1999a; Mabeau et al., 
1992). 
41 
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2.3.3. Physico-chemical properties. 
Seaweeds are rich in dietary fiber (>50% DW) and particularly in the soluble 
� 
form (Darcy-Vrillon, 1993; Mabeau & Fleuence，1993). Fleury and Lahaye (1991) 
reported that the physico-chemical properties of seaweed powder could be assumed 
to reflect those of the fiber present. Besides, since seaweed proteins are closely 
related to the cell wall polysaccharides (Fleurence et al., 1995; Jordan & Vilter, 
1991), seaweed protein may also play a role in the physico-chemical properties such 
as water holding (Chou & Morr, 1979). In this study, the total content of protein and i 
TDF in the seaweed samples was up to 54.5-72.6%DW (Table 2.1), so the physico- ‘ 
chemical properties of seaweed samples might be mainly determined by these two 
一 — I 
The effect of different drying methods on SWC, WHC and OHC of the 
Sargassum species are shown in Table 2.3. The interaction effect between sample 
and drying only found on WHC. In this study, the SWC and WHC of all freeze-
dried seaweeds were significantly {p < 0.05, two-way ANOVA, Tukey-HSD) higher 
than those of the oven-dried ones. This indicated that freeze-dried seaweeds would 
be more suitable for being as texturizing and bulking agents in making low calories 



































































































































































































































































































































































































































































































(ranged from 6.17-20.6 ml/g DW and 5.06-11.4 g/g DW, respectively) were 
comparable to those of some commercial fiber-rich supplements (6.20-24.0 ml/g DW 
and 3.10-9.00 g/g DW, respectively) reported by Goni and Martin-Carron (1998). 
Under different drying methods, S. henslowianum had the highest values of SWC 
and WHC (p < 0.05, ANOVA, Tukey-HSD), suggesting that this seaweed had a 
greater potential to be used as a fiinctional ingredients when compared with the 
others. 
According to Robertson and Eastwood (1981), water exists in fiber in three 
forms: it is bound to the hydrophilic polysaccharides; it is held within the fiber 
matrix or it is trapped within the cell wall lumen. Water holding capacity determined 
by the centrifugation methods, which was used in this study, gave the amount of all 
three types of water associated with the fibers (Fleury & Lahaye, 1991). Under the 
same drying method, the WHC of the S. henslowianum was the highest while that of 
the S. hemiphyUum was the lowest {p < 0.05, ANOVA, Tukey-HSD). 
In the present study, the significantly (p < 0.05, two-way ANOVA, Tukey-
HSD) higher SWC and WHC of freeze-dried samples might be mainly related to the 
degree of damage in the seaweed cell wall polysaccharides. For high temperature 
oven-drying, the degree of damage on seaweed cell wall would be greater than that 
44 
of freeze-dried samples. This would result in lower water holding ability of fibers in 
oven-dried seaweed samples, especially in a decrease of trapping water in the cell 
wall lumen. Although the cell wall bounded protein in the oven-dried seaweeds 
might be easily dissolved into water assisting in water holding, the effect of fibers on 
these two hydration properties would likely to be greater than that of the protein, as 
TDF content was 5-10 times higher than the crude protein content (Table 2.1). 
Besides, the high temperature oven-drying may cause the seaweed protein to 
denature, thus changing the protein conformations as well as the number and nature 
of the water binding sites on the protein molecules (Chou & Morr, 1979), resulting in 
lower SWC and WHC. 
Table 2.3 also shows the effect of different drying methods on OHC of the 
Sargassum species. OHC is another fiinctional property of some ingredients used in 
formulated food. Ingredients with a high OHC allow the stabilization of high fat 
food products and emulsions. In this study, the OHC of all freeze-dried seaweed 
samples was significantly (p < 0.05, two-way ANOVA, Tukey-HSD) higher than 
that of the oven-dried samples. Besides, among the three Sargassum species, the 
exceptionally high OHC values (0.84 g/g DW) of freeze-dried S. henslowianum were 
comparable to the high OHC values of orange (0.86-1.28 g/g DW) and peach (1.02-
1.11 g/g DW) dietary fiber concentrates reported in recent literatures (Grigelmo-
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Miguel & Martin-Belloso, 1999; Grigelmo-Miguel et al., 1999). This implied that 
freeze-dried Sargassum species especially S. henslowicmum which exhibited higher 
OHC than that of oven-dried one would be more suitable for stabilization of food 
emulsions with high fat content. 
Basically, the mechanism of OHC is mainly due to the physical entrapment of 
oil by capillary attraction (Kinsella, 1976). Besides, the hydrophobicity of proteins 
also plays a major role in fat absorption (Voutsinas & Nakai, 1983). In this study, 
the significant differences on OHC between oven- and freeze-dried samples would 
be also due to the damage in cell wall polysaccharides as well as denaturing of cell 
wall proteins as mentioned in SWC and WHC. 
2.5.4. Conclusions 
The effect of different drying methods on the proximate composition of the 
Sargassum species varied. Together with the amino acid profiles (Total AA) and 
physico-chemical properties (SWC, WHC and OHC), freeze-drying provided the 
seaweed samples with better nutritional quality and had a greater potential to act as 
functional ingredients in formulated food particular in making low calories foods. 
However, the equipment and operation cost for freeze-drying are higher and the 
46 
i 
drying capacity is much lower than that of oven-drying. The fast drying rate in oven 
drying preserved the ash content, but the use of high temperature during drying 
caused greater nutrient loss (crude lipid content & total AA) and lower SWC, WHC 
as well as OHC than those of freeze drying. Therefore, in choosing the most 
appropriate drying method for seaweed, one needs to consider the economic factors 
and the way that the seaweed will eventually be used. 
47 
i 
Chapter three: Effect of different drying methods on protein 
extractability, in vitro protein digestibility, and amino acid profiles of 
seaweed protein concentrates isolated from brown seaweeds, 





The extraction of seaweed proteins by classical procedures is hindered by the 
presence of large amounts of cell wall polysaccharides, such as the alginates in the 
Phaeophyta or the carrageenans in the Rhodophyta. The high content of neutral 
polysaccharides (e.g. xylans and cellulose) in some red and green seaweeds can also 
limit the protein accessibility (Fleurence, 1999b). These anionic and neutral 
polysaccharides are the main impediments during the extraction and purification of 
seaweed proteins (Fleurence et al., 1995; Ito & Hori，1989; Jordan & Vilter, 1991; 
Ochiai et al, 1987). Moreover, the phenolic compounds of seaweed also play a role 
in limiting the efficiency of protein extraction (Ragan & Glombitza, 1986). 
To improve the solubilization of seaweed protein, the use of additives like 
detergents (Rice & Crowden, 1987) or the application of alkali treatment (Serot et 
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al.’ 1994) is recommended in the classical CKtraction procedures. However, after 
comparing with different classical and enzymatic procedures (e.g. using aqueous 
polymer two-phase system, polysaccharidases, or Tris HCl buffer etc.), Fleurence 
• . • 
and his co-workers (1995) reported that the highest yield of seaweed protein 
concentrates (PCs) was obtained by the use ofNaOH and 2-mercaptoethanol after an 
initial aqueous extraction. 
i I 
！ 
A major factor determining protein quality is the amino acid profile. Another 
. i I ]
factor, which is as important as amino acid profile, is protein digestibility. Even with 
i 
excellent amino acid profile, a protein would have low nutritional value if its 
digestibility is low due to its poor bioavailability (Bejosano & Corke, 1998). The 
best method to determine the digestibility of protein is through in vivo animal feeding 
studies. However, in vitro techniques have also been developed and proven to be 
usefiil and reliable in estimating true protein digestibility (FAOAVHO, 1991). The in 
vitro techniques are based on the addition of proteolytic enzymes to the protein 
substrates and the maintenance at optimum incubation conditions for the enzymes. 
Under such conditions, the digestibility is then estimated by measuring the fall in pH 
in the protein suspension caused by the enzymatic digestion. Although preceded by 
a number of similar methods，one of the most widely used methods in nutritional 
studies is that of Hsu et al (1977). This procedure involves the use of a combination 
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of three enzymes: trypsin, chymotrypsin and peptidase. Literatures concerning in 
vitro protein digestion of seaweed proteins by proteolytic enzymes such as pepsin, 
pancreatin, pronase, trypsin, chymotrypsin etc. have been reported (Fleurence et al., 
1999; Fujiwara-Arasaki et al., 1984; Indegaard & Minsaas, 1991). However, the in 
vitro protein digestibility in these studies was only based on a single enzyme 
digestion on seaweed proteins. Information on applying multi-proteolytic enzyme 
system, which is more similar to actual digestion environment in vivo, on seaweed 
I 






As mentioned in previous chapters, drying is an essential step before fresh 
seaweeds can be used in nutritional studies or industrial processing. Different drying 
methods (oven- and freeze-drying) have shown to affect the proximate composition, ‘ 
amino acid profile and some physico-chemical properties of the three brown 
seaweeds, Sargassum hemiphyUum, Sargassum henslowianum and Sargassum patens 
(chapter 2). In the present study, the aim was to investigate the effect of different 
drying methods on seaweed protein extractability, in vitro protein digestibility and 
amino acid profiles of PCs isolated from these three Sargassum species. Besides, the 
effect of different drying methods on total phenolic content in the seaweed and their 
PCs were also discussed. 
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3.2. Materials and methods 
3.2.1. Sample preparation � 
Collection and treatment of brown seaweeds, S. hemiphyllum, S. henslowianum 
and S. patens was the same as that described in 2.2.1. Each Sargassum species 
consisted of an oven-dried group and a freeze-dried group. 
j j 
3.2.2. Extraction of seaweed protein concentrates 
Il 
I 
Brown seaweed PCs were extracted with the method described by Fleurence et 
al. (1995) with slight modifications. In brief, one hundred and fifty grams of oven-
or freeze-dried seaweed powder were suspended in de-ionized water (1:20 w/v) to 
induce cell lysis by osmotic shock, which facilitated subsequent protein extraction. 
Then the suspension was gently stirred overnight at 35 which was found to be the 
optimal temperature for seaweed protein solubility (Dua et al., 1993). After the 
incubation, the suspension was centrifuged at 10000 x g and 4 °C for 20 min. The 
supernatant was collected and the pellet was re-suspended in de-ionized water in the 
presence of 0.5% (v/v) 2-mercaptoethanol (Venkataraman & Shivashankar, 1979). 
Then the mixture was adjusted to pH 12 with 1 M NaOH and gently stirred at room 
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temperature for 2 h before centrifugation at the same conditions mentioned above. 
The second supernatant was collected and combined with the previous supernatant. 
The combined supernatants were stirred at 0 4 °C and adjusted to pH 7 before 
precipitation with solid ammonia sulphate. The extraction procedures mentioned 
above were repeated five times on the residue. 
！ 
！ 
3.2.3. Precipitation of seaweed protein concentrates 
\ 
I j 




Seaweed PCs were precipitated from the supernatant by slowly adding solid | 
ammonia sulphate with stirring until a 85% saturation (60 g/lOOml) was reached 
(Rosenberg, 1996). Then the mixture was allowed to stand for 30 min before 
centrifiigation at the same conditions mentioned before. The pellet (PCs) obtained ‘ 
was dialysed against distilled water until the total dissolved solutes (TDS) (mg/1) of 
the dialysate measured by its conductivity was similar to that of the distilled water. 
Then the retentate containing the seaweed PCs were freeze-dried, ground to powder 




3.2.4. Crude protein content analysis 
The percent crude protein of the oven- and freeze-dried Sargassum species as 
well as their PCs were determined by the CHNS/0 Elemental Analyzer (Perkin 
Elmer 2400, Connecticut, USA) according to the method described in 2.2.2.1. 
I 
3.2.5. Extraction of total phenolic compounds 
The optimal conditions (solvent and extraction time) for extracting total ：； 
i  I 
phenolic compounds in the oven- and freeze-dried brown seaweed as well as their f 
j 
PCs was studied by a modified method described by Velioglu et al (1998). Details of 
the experimental results concerning the optimization of extracting the total phenolic ” 
compounds in the seaweed samples can be found in the Appendix. In brief, the 
optimal conditions were as follows: one hundred milligrams of S. hemiphyllum, S. 
henslowianum and S. patens (as well as their PCs) was separately placed in test tubes 
and extracted with 10 ml of 60% aqueous acetone for 4 h, 60% aqueous acetone for 6 
h and 40% aqueous acetone for 6 h, respectively. Besides, each solvent system 
contained 1% hydrochloric acid and all test tubes were incubated at room 
temperature (25 °C) on an orbital shaker set at 200 rpm. 
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3.2.6. Determination of total phenolic compounds 
Total phenolic compounds in the oven- and freeze-dried Sargassum species as 
well as their PCs were analyzed in triplicates according to the standard Folin-
Ciocalteu method (Singleton & Rossi, 1965) with slight modifications. One hundred 
micro-liters of sample extracts were placed in a test tube to which 7.9 ml de-ionized | 
I 
water as well as 0.5 ml Folin-Ciocalteu reagent (catalogue no F9252, Sigma 
Chemical Co., St. Louis, MO, USA) was added. After 1 min, 1.5 ml 20% NaiCOs | 
I： 
was added and the mixture was mixed with a vortex-mixer, and was allowed to stand ？ 
'[i 
for 60 min in darkness. The total phenolic compounds were determined 丨, 
I 
colorimetrically at 750nm using a spectrophotometer (Spectronic Genesys G5, NY, | 
USA). Gallic acid (catalogue no G7384, Sigma) was used as standard and total ‘ 
phenolic compounds in samples or PCs were expressed as milligrams of gallic acids 
equivalents (GAE) per gram of seaweed or GAE per grams of PCs on dry weight 
basis (Julkunen-Tiitto, 1985). 
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7. In vitro protein digestibility 
The in vitro protein digestibility was determined by the multi-enzyme method of 
Hsu et al (1977). The enzymes used were porcine pancreatic trypsin (activity: 15200 
units/mg of protein, TO 134, Sigma), bovine pancreatic chymotrypsin (activity: 54 
units/mg of protein, C4129, Sigma) and porcine intestinal peptidase (activity: 102 ！ 
units/g of solid, P7500, Sigma). A 5 ml of enzyme solution (23100 units of trypsin, 
186 units of chymotrypsin and 0.052 units of peptidase/ml) was prepared at pH 8 and 
37 °C. A 50 ml of protein suspension in distilled water was also prepared for each 
i i 
li 
seaweed PCs at the same pH and temperature, with 6.25 mg of protein/ml. The 
enzymes and substrates were mixed. The pH change of the mixture after exactly 10 
min was measured and the percentage of in vitro protein digestibility (Y) was ' 
computed using the equation Y = 210.464 - 18.1 OX, where X is the pH change after 
10 min. Sodium caseinate (catalog no. C8654, Sigma) was used as control and the in 
vitro protein digestibility of seaweed PCs was expressed as a relative percentage to 
that of the sodium caseinate normalized at 100% (F AO/WHO，1991). 
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3.2.8. Amino acid analysis 
The amino acid profiles (excluding tryptophan) of the brown seaweed PCs 
- . ‘ 
under different drying methods were analyzed according to the method as described 
in 2.2.3.1 and 2.2.3.2. The contents of different amino acids recovered were 
I 
presented as mg g'^  protein. j 
I 




All analyses were performed in triplicates and were presented as mean values 土 f 
S.D. All mean values were analyzed by two-way ANOVA and Tukey-HSD at < I 
0.05 (SPSS 9.0，1999) to detect significant differences among groups. Besides, ‘ 
linear regression analysis were also performed at/? < 0.05 (SPSS 9.0，1999). 
3.3. Results and discussion 
In proteins, the disulfide bond is the most susceptible to cleavage by strong 
reducing agent like 2-mercaptoethanol (Venkataraman & Shivashankar，1979). 
Therefore, in this study, the addition of 2-mercaptoethanol during extraction of 
seaweed PCs would break the disulfide bonds of seaweed protein associated with the 
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cell walls and facilitates the extraction of seaweed PCs. Besides, reduction of 
disulfide bond by 2-mercaptoethanol is reversible in the absence of alkylation agents, 
thus it may not affect the tertiary structure of proteins. Furthermore, excess 2-
mercaptoethanol can be washed out with water after precipitation of proteins 




S. 3.1. Effect of oven or freeze drying on protein extractability from seaweeds 
I 






In Table 3.1，only the interaction effect between sample and drying on amount f 
of protein extracted in PCs and %yield were found to be significant (p < 0.05, two- | 
way ANOVA). The effect of oven- or freeze-drying on the crude protein content of 卜 
the brown seaweeds has been discussed in 2.3.1. For the total phenolic content in the 
Sargassum species (Table 3.1)，the total phenolic contents of the oven-dried 
seaweeds were significantly (p < 0.05, two-way ANOVA, Tukey-HSD) lower than 
those of the freeze-dried seaweeds. Similarly, a considerably decrease in the total 
phenolic contents in the leaves of two willows species was reported when the drying 
temperature is at 60 °C or above (Julkunen-Tiitto, 1985). Besides, Nwanguma and 
Eze (1996) also found that an increase of mashing temperature from 65 to 75 °C 




































































































































































































































































































































































































































































































































































































































































































































































































































































































study, compared with the freeze-dried samples, certain phenolics in the high 
temperature oven-dried seaweed samples might decompose or combine with the 
other plant components that make it di伍cult to be extracted with the solvent system 
used. Besides, some volatile phenolics in the Sargassum species might also be lost 




The presence of phenolic compounds in brown seaweeds has been known for a 1 
i 
i 
long time (Pedersen, 1984; Ragan & Glombitza, 1986). Recently, the presence of | 
I 
phenolic compounds in isolated cell walls of brown seaweeds has also been reported 
(Schoenwaelder & Clayton^ 1999). In this study, the total phenolic contents in the ！ 
\ 
oven- and freeze-dried Sargassum species (ranged from 10.5-24.5 mg/g DW or 1.05- | 
！ 
2.45% DW) were comparable to those of several brown seaweeds (including 
Sargassum) from tropical Pacific region (0.19-2.17% DW) (Pereira et al., 1990; 
Steinberg, 1986; Steinberg & Paul，1990; Van Alstyne & Paul, 1990). Among the 
three seaweeds (oven- and freeze-dried), the total phenolic content in S. hemiphyllum 
was the highest (p < 0.05, two-way ANOVA, Tukey-HSD) while that of S. patens 
was the lowest {p < 0.05, two-way ANOVA, Tukey-HSD). 
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3.3.1.2. % Nitrogen, % protein, sample dry weight, amount of protein extracted and 
% yield of PCs. 
'•V 
Except sample dry weight, the %N, %protein, amount of protein extracted and 
% yield of the oven-dried PCs were significantly (p < 0.05，two-way ANOVA, 
I 
Tukey-HSD) higher than those of the freeze-dried PCs (Table 3.1). These suggested | 
I 
that oven-drying significantly (p < 0.05, two-way ANOVA, Tukey-HSD) improved | 
j 
the protein extractability. Besides, the %N of the all PCs (ranged from 12.0-13.8%) I 
！ 
i 
agrees with the results observed for other brown seaweed PCs: 10.4-11.7% for 
.1 
} 
Eisenia bicyclis, Undaria pinnatifida, Analipus japonicus and Laminaria japonica 
(Arasaki & Mino, 1973; Fujiwara-Arasaki et al., 1984). | 
I 
As mentioned earlier, extraction of seaweed PCs is difficult because of the 
presence of large amounts of anionic or neutral polysaccharides as well as phenolic 
compounds, especially in brown seaweeds (Fleurence et al., 1995; Jordan & Mlter， 
1991; Ragan & Glombitza，1986). Cell wall polysaccharides form highly viscous 
solution, which hinders the extractions and purification procedures for proteins 
(Amano & Noda，1990; Fleurence, 1999b; Fleurence et al.，1995; Jordan & Vilter， 
1991). Phenolic compounds may reversibly complex with proteins by hydrogen 
bonding or irreversibly by oxidation to quinones, which combine with reactive 
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groups of the protein molecules (Loomis & Battaile, 1966). Such chemical reactions 
of the phenolic compounds with proteins would also limit the efficiency of protein 
extraction. � 
In Table 3.1, the % yield was significantly {p < 0.05) correlated with the total 
� 
phenolic contents in seaweed samples (r = -0.96, n = 18)，indicating that the | 
I 
:s 
significantly (p < 0.05, two-way ANOVA, Tukey-HSD) higher % yield of oven-dried 1 
I 
PCs might closely related to the significantly (p < 0.05, two-way ANOVA, Tukey- | 
i 
HSD) lower total phenolic contents in the oven-dried seaweed samples (Table 3.1). ！ 
1 r 
I 
Compared with freeze drying treatment, the cell wall of seaweed samples under 
I 
the high temperature oven drying would be damaged more intensively. Together [ 
with the significantly (p < 0.05, two-way ANOVA, Tukey-HSD) lower total phenolic 
content, cell wall protein of oven-dried seaweed would be released more easily and 
improved the efficiency of protein extraction (Venkataraman & Shivashankar, 1979). 
Besides, the % yield of both oven- and freeze-dried Sargassum PCs (ranged from 
7.82-48.0%) was comparable to the range (7.00-20.0%) of other seaweed PCs 
reported by Fujiwara-Arasaki et al. (1984). Furthermore, it is worth noting that the 
amount of protein extracted from the oven-dried S. henslowicmum PCs was the 
highest ip < 0.05，two-way ANOVA, Tukey-HSD), although its % yield was 
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significantly (p < 0.05, two-way ANOVA, Tukey-HSD) lower than that of the oven-
and freeze-dried PCs ofS. patens. 
--‘ 
3.3.2 Effect of oven or freeze-drying on protein quality of seaweed PCs 
I 
3.3.2.1. Total phenolic content and in vitro protein digestibility of seaweed PCs | 
I 
I 
There were no interaction effect between sample and drying on both total U 
a 
. I 
phenolic content as well as in vitro protein digestibility of the brown seaweed PCs. ；' 
I 
Similar to the total phenolic content in seaweeds, the total phenolic content of all a 
令 y 
J 
oven-dried PCs was significantly (p < 0.05, two-way ANOVA, Tukey-HSD) lower | 
I 
than that of the freeze-dried ones (Table 3.2). According to Hurrell and Finot (1985), ^ 
one major factor that influences protein digestibility is the presence of phenolic 
compounds. Oxidized phenolic compounds may react with amino acids and proteins, 
inhibiting the activity of proteolytic enzymes (Milic et al, 1968). The ability of 
phenolic compounds to form insoluble complex with protein interferes with the 





















































































































































































































































































































































































































In this study, the in vitro protein digestibility of the oven-dried Sargassum 
species was significantly {p < 0.05, two-way ANOVA, Tukey-HSD) higher than that 
of the freeze-dried seaweed samples. Besides, a strong negative linear correlation (r 
-,‘ 
=-0.87, n=18, p < 0.05) between the in vitro protein digestibility and the total 
phenolic contents in PCs was obtained. This implying that the significantly {p < 
0.05, two-way ANOVA, Tukey-HSD) higher in vitro protein digestibility of oven- 1 
dried PCs might be attributed to their significantly (p < 0.05, two-way ANOVA, j 
Tukey-HSD) lower total phenolic content mentioned above. Moreover, the in vitro t 
protein digestibility of the oven- and freeze-dried Sargassum PCs (ranged from 77.8-
i 
\ 
85.1%) was also comparable to that of other brown seaweed PCs such as Sargassum 
"i 
！ 
fuvellum, Undaria pinnatifida and Hizikia tusiforme from Korea (72.0-77.1%) (Ryu 
et al., 1982). f 
S. 3.2.2. Amino acid composition 
The effect of different drying on amino acid profiles of the three Sargassum PCs 
is presented in Table 3.3. The amino acids analyzed represented both the free and 
combined amino acids. Besides, in table 3.3, only the interaction effect between 
sample and drying on aspartic acid, isoleucine, tyrosine and lysine were significant 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































EAA and total AA between all oven- and freeze-dried seaweed PCs. Besides, under 
different drying methods, the damage to the amino acids seemed to be non-specific 
as there were no significant differences on the levels of individual amino acids 
between the oven- and freeze-dried Sargassum PCs. Under the same drying method 
(oven or freeze drying), the levels of aspartic acid, isoleucine, tyrosine (only freeze 
drying) and leucine did not differ significantly among the three Sargassum species. I 
. ‘ I 
However, subject to oven drying, the tyrosine content of S. patens was significantly j 
(p < 0.05, two-way ANOVA) higher than that of the S. hemiphyllum. i 
I 
The amount of essential amino acids of the oven- and freeze-dried seaweed PCs I 
I 
accounted for 39.2-41.3% of total amino acid content {[Level of total EAA (mg/g of | 
protein) / Total AA (mg/g protein)] x 100%}, which was comparable to that of other � 
brown seaweed PCs reported in earlier literatures: 29.4-40.4% for Eisenia bicyclis, 
Undaria pinnatifida, Analipus japonicus and L a m i n a r i a japonica (Fujiwara-Arasaki 
et al.，1984; Ochiai et al., 1987). No cystine was detected in all seaweed PCs and 
such findings have been reported previously (Arasaki & Mino，1973; Fleurence et 
al., 1995; Fleurence et al.，1999). 
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• 
All seaweed PCs exhibited similar non-essential amino acid patterns in which 
aspartic and glutamic acids were the predominant amino acids (29.3-34.1% of total 
AA). This observation was in accordance with previous reports on other brown 
« • � ‘ 
seaweed PCs: such as Eisenia hicyclis (24.9-25.2%) (Ochiai et al., 1987)，Sargassum 
fulvellum, Sargassum Igellmcmianum and Undariapinnatifida (26.8-31.5%) (Woo et 
al, 1979). 
3.3.3. Conclusions 
Comparing with freeze-drying, oven drying did not only significantly {p < 0.05, 
two-way ANOVA, Tukey-HSD) improved the seaweed protein extractability (%N， 
%protein, amount of protein extracted and % yield of PCs) of the three Sargassum 
species but also the protein quality {in vitro protein digestibility) of their PCs. 
Therefore, oven drying seemed to be a more suitable drying method for seaweed 
protein extraction. However, oven-drying as well as extraction at extreme pH may 
lead to denaturation of seaweed PCs, thus affect their functionality. As a result, this 
methodology might not be appropriate for extraction of seaweed protein if biological 
fiinctions of the protein (like enzymes) are to be preserved. 
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Chapter four: Proximate composition, amino acid profiles and some 
physico-chemical properties of some red {Hypnea charoides and 
Hypnea japonica) and green seaweeds {Ulva lactuca) 
4.1. Introduction 
In the Far East and Asia Pacific, people has a long tradition of consuming 
seaweeds as part of their diet, while in the Western countries, the principal uses of 
seaweed are as sources of phycocolloids, thickening and gelling agents for various 
industrial applications including uses in foods (Abbott，1996; Darcy-Vrillon, 1993; 
Mabeau & Fleurence，1993). Recently, in France, seaweeds have been authorized to 
be used as vegetables and condiments (Mabeau, 1989). Therefore, seaweeds have 
become a valuable vegetable (fresh or dried) and an important food ingredient in 
human diet nowadays. 
The nutritional properties of seaweeds are not completely known yet, since they 
are usually estimated from their chemical composition alone (Darcy-Vrillon, 1993; 
Mabeau & Fleurence, 1993). If compared to land plants, the chemical composition 
of seaweeds has been poorly investigated and most of the available information only 
deals with traditional Japanese seaweeds (Fujiwara-Arasaki et al, 1984; Nisizawa et 
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al, 1987; Watanabe & Nisizawa, 1984). The chemical composition of seaweeds 
varies with species, habitats, maturity and environmental conditions (Ito & Hori， 
1989). In general, seaweeds are abundant in non-starch polysaccharides, minerals 
and vitamins (Darcy-Vrillon, 1993; Mabeau & Fleurence, 1993). As seaweed 
polysaccharides cannot be entirely digested by human intestinal enzymes, they are 
regarded as a new source of dietary fiber (Lahaye, 1991; Mabeau & Fleurence, 1993; 
Mabeau et al, 1992). Together with their low lipid content, seaweeds only provide a 
very low amount of energy (Jurkovic et al., 1995). Consumption of seaweeds can 
increase intake of dietary fiber as well as lower the occurrence of some chronic 
diseases (diabetes, obesity, heart diseases, cancers etc.), which are associated with 
low fiber diets in the Western countries (Southgate，1990). 
Dietary fiber can be divided into soluble and insoluble fractions. The viscosity 
of soluble dietary fiber is responsible for slower digestion and absorption of 
nutrients, and lower levels of blood cholesterol and glucose. In contrast, insoluble 
dietary fiber is characterized by its ability to increase fecal bulk and decrease 
intestinal transit time (Baghurst et al, 1996; Potty, 1996). Therefore, the 
physiological effects of dietary fiber are correlated with their particular physico-
chemical properties (Roehring, 1988). As dietary fiber is the major component of the 
seaweeds, determining the physico-chemical properties of seaweed dietary fiber can 
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give an idea of some of the physiological effects of consuming seaweed and their 
potential applications as texturizing and bulking agents in making low calories foods. 
� 
Although the seaweed floras in Hong Kong are fairly rich, they are relatively 
under-utilized (Hodgkiss & Lee, 1983). In general, most Hong Kong seaweeds are 
mainly used as animal feeds or fertilizers by the coastal villagers (Hodgkiss & Lee， 
1983). Hypnea charoides, Hypnea japonica and Ulva lactuca are three subtropical 
seaweeds, which are very abundant in Hong Kong (Hodgkiss & Lee, 1983). The aim 
of the present study in this chapter was to determine the chemical composition and 
amino acid profiles of these three subtropical seaweeds in order to provide a more 
comprehensive nutrient information about them. Furthermore, some physico-
chemical properties of these seaweeds were also investigated in order to evaluate 
their potential use as food ingredients. 
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4.2. Materials and methods 
4.2.1. Sample preparation 
• • - ‘ 
Similar to the brown seaweeds mentioned in chapter 2，all red and green 
seaweed samples were collected from the Tung Ping Chau. However, H. charoides 
and H. japonica (red seaweeds) were collected from both Lung Lok Shui (LLS) and 
A Ma Wan (AMW) in December 1997 while U. lactuca (green seaweed) was only 
collected from AMW in December 1997 (Figure 2.1). As freeze-drying provided the 
brown seaweed samples with better nutritional quality and greater potential to act as 
functional ingredients in formulated food than oven drying (Chapter 2), all fresh 
plants in this study were subjected to the same freeze-drying treatment (Figure 4.1) 
as described in 2.2.1 prior to further nutrient composition analysis. 
4.2.2. Proximate analysis 
The crude protein, ash, total dietary fiber, crude lipid, carbohydrate and 
moisture content of the seaweed samples were determined by the methods described 
in 2.2.2.1 to 2.2.2.6. 
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W E i f ^ i ^ 1 
1 
^^^H Hypnea charoides Lamouroux 
Hypnea japonica Tanaka | 
I 
mBm 
Ulva lactuca Linnaeus 
• • i i ^ B 
Figure 4.1. The freeze-dried samples of Hypnea charoides, Hypnea japonica (red 
seaweeds) and Ulva lactuca (green seaweed). 
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4.2.3. Amino acid profile 
The amino acid profile (excluding tryptophan) in each seaweed sample was 
analyzed according to the method as mentioned in 2.2.3.1 and 2.2.3.2. The amino 
acids recovered were presented as mg/g of protein and were compared with the 
FAOAVHO (1991) reference pattern. The essential amino acid (EAA) score was 
calculated by the method of FAOAVHO (1991) as shown below: 
mg of EAA in 1 g of test protein 
Essential amino acids score = x 100 
mg of EAA in 1 g of egg protein 
4.2.4. Physico-chemical properties 
The swelling capacity (SWC), water holding capacity (WHC) and oil holding 
capacity (OHC) of seaweed samples were investigated by the methods described in 
2.2.4.1, 2.2.4.2 and 2.2.4.3, respectively. However, the SWC and WHC of the 
seaweed samples were evaluated at both 25 and 37 °C. 
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4.2.5. Statistical analysis 
All analyses were performed in triplicates. Except for the data of amino acid 
profiles, all data were presented as mean values 土 S.D. All mean values were 
analyzed by one-way ANOVA and Tukey-HSD at < 0.05 (SPSS 9.0, 1999) to 
detect significant differences among groups. Besides, the results of SW and WHC 
were further evaluated by the Student's t test (p < 0.05) to determine the significance 
of differences between the means values obtained from two different temperatures. 
Linear regression analysis was also performed a t p < 0.05 (SPSS 9.0，1999). 
4.3. Results and discussion 
4.3.1. Proximate composition 
Table 4.1 shows the proximate composition of the red and green seaweed 
samples. The crude protein content (7.06-19.0% DW) of the three seaweeds lied 
within the range of red and green seaweeds (10-47% DW) as reported by Fleurence 
(1999a). However, the crude protein of U. lactuca (7.06% DW) was found to be 
lower than those of other Ulva species (10-26% DW) (Fleurence, 1999a). The crude 




















































































































































































































































































































































































significantly (p < 0.05, one-way ANOVA, Tukey-HSD) higher than that of the green 
seaweed (Table 4.1). This observation agreed with previous reports (Darcy-Vrillon, 
1993; Fleurence, 1999a; Mabeau & Fleuence，1993). Furthermore, the crude protein 
-、 • 
contents charoides and U. lactuca were notably higher than those of the same 
species found in Philippines (6.60-10.5% and 4.20% DW, respectively) (Portugal et 
al., 1983). Variations in the protein content of seaweeds can be due to different 
species and seasonal period (Fleurence, 1999a). 
All seaweeds exhibited high level of ash contents (21.3-22.8 % DW), which 
were consistent with previous results (Mabeau et al, 1992; Mabeau & Fleurence, 
1993). The ash contents of all the seaweeds were similar. Besides, in this study, the 
ash contents of the Hypnea and Ulva species were comparable to those of some 
seaweed species of the same genus: H. charoides (23.5-34.9% DW), H. pannosa 
(15.3% DW), U. lactuca (24.6% DW) and U. pertusa (24.7% DW) (Behairy & El_ 
Sayed, 1983; Portugal et al.，1983). 
As shown in Table 4.1, the total dietary fiber, which was the most abundant 
component in these seaweeds (50.3-55.4% DW) was higher than the levels found in 
higher plants. This observation was in accordance with previously results (Darcy-
Vrillon, 1993; Ito & Hori，1989; Mabeau & Fleurence，1993). Besides, the TDF of 
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the U. lactuca was comparable to that of U. pertusa (52.1% DW) (Yoshie，et al, 
1997) and the same species (38.1 and 40.0% DW) reported earlier from France 
(Lahaye, 1991; Lahaye & Jegou, 1993). Seaweeds contain large amount of dietary 
fiber particularly rich in the soluble fraction (Darcy-Vrillon, 1993; Lahaye, 1991; 
Mabeau & Fleurence，1993). Although the chemical nature and physico-chemical 
properties of some common seaweed dietary fibers such as alginates, carrageenans 
and agars are quite well known, but most seaweed dietary fibers, particular the 
insoluble ones as well as their physiological effects still have not received much 
attention (Mabeau & Fleurence，1993). 
In general, the lipid contents of these subtropical seaweeds were low (1.42-
1.64% DW) but lied within the range (1.00-3.00% DW) reported previously (Mabeau 
& Fleurence, 1993). Although the crude lipid content o£R charoides (1.48% DW) 
was lower than that of previous data (2.20-2.70% DW) (Portugal et al., 1983), the 
crude lipid content of the U. lactuca (1.64% DW) was comparable to those of Ulva 
species from Philippines (1.60-1.80% DW) (Portugal et al., 1983). As all the 
seaweed samples in this study were treated by the same drying method (freeze-
drying), no significant differences on moisture content were obtained. 
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4.3.2. Amino acid composition 
The amino acid profiles and the essential amino acid scores of seaweed samples 
are presented in Table 4.2. The amino acid analyzed represented both the free and 
combined amino acids. The seaweed samples contained all the essential amino acids 
(in different proportions, excluding tryptophan), which accounted for 42.1-48.4% of 
the total amino acid content {[Level of total EAAs (mg/g of protein) / Sum of all 
measured amino acids (mg/g protein)] x 100%}. Similar results have been obtained 
from other subtropical seaweeds (Behairy & El-Sayed, 1983; Qasim, 1991). Besides, 
the levels of all their essential amino acids were comparable to those of the 
FAO/WHO requirement pattern (FAO/WHO, 1991). Leucine was the common 
limiting amino acid of H. charoides and U. lactuca while the limiting amino acids of 
H. japonica were tyrosine and phenylalanine. Although the sulphur-containing 
amino acids (methionine and cystine) of some Hypnea species have been reported to 
be the limiting amino acids (Portugal et al., 1983), the methionine and cystine levels 
of the Hypnea species in this study were above the FAOAVHO requirement (EAA 
score ranged from 1.90-1.95). With respect to the total EAA in the FAOAVHO 
requirement pattern, all red and green seaweed samples seemed to be able to 

























































































































































































































































































































































































































































































































































































































All seaweed samples exhibited similar non-essential amino acids patterns in 
which aspartic and glutamic acids constituted a substantial amount of the total amino 
acids (20.8-22.9% of total AA). Similar results were reported previously (Behairy & 
• -
El-Sayed, 1983; Fleurence, 1999a; Mabeau et al., 1992). According to Mabeau and 
his co-workers (1992), the high levels of aspartic and glutamic acids were 
responsible for the special flavor and taste of seaweeds. 
Qasim (1991) reported that there were some pronounced differences on the 
amino acid profiles between the species of Rhodophyceae (red seaweeds) and 
Chlorophyceae (green seaweeds). Previous results revealed that the sulfur-
containing amino acids of the red seaweeds were higher than that of green seaweeds 
(Qasim, 1991). In this study, the amino acid profiles of the seaweed samples further 
confirmed this observation [red seaweed (Hypnea species): 5.11-5.23% of total AA; 
green seaweed {U. lactuca): 3.25% of the total AA]. Moreover, the total amino acid 
contents (16.2-17.3 g/lOOg DW) of the red seaweeds were more than two times of 
that of the green seaweed (6.30 g/lOOg DW) (Table 4.2). This result also agrees 
with previous data reported by Qasim (1991). In this study, the total amino acid 
content (6.30-17.3 g/lOOg DW) of each seaweed sample was comparable to their 
corresponding crude protein content (7.06-19.0 g/lOOg DW) (Table 4.1). This 
implied that the amount of non-protein nitrogenous materials in these seaweeds were 
80 
insignificant. 
4.3.3. Physico-chemical properties 
- � • 
As mentioned in chapter two (2.3.3.), due to the substantial amount (62.5-72.2% 
DW) of TDF and protein content in the seaweed samples, the physico-chemical 
properties of seaweed would be mainly determined by these two chemical 
components. 
SWC, WHC and OHC of the red and green seaweed samples are shown in 
Table 4.3. At 25�C，the SWC and WHC of the seaweed samples ranged from 11.2-
22.1 ml/g DW and 8.68-11.8 g/g DW, respectively with the SWC and WHC oiH. 
japonica being the highest {p < 0.05, one-way ANOVA, Tukey-HSD). The WHC of 
the three seaweed samples at 25 were not only similar to those of U. lactuca 
(7.50 g/g DW) and E. compressa (9.50 g/g DW) reported by Lahaye & Jegou (1993), 
but also comparable to those of some agricultural by-products (dietary fiber 
concentrates) (6.30-13.2 g/g DW) reported in recent literatures (Grigelmo-Miguel & 
Martin-Belloso, 1997; Grigelmo-Miguel & Martin-Belloso，1999; Grigelmo-Miguel 
et al.，1999). Furthermore, both SWC and WHC of the red and green seaweed 









































































































































































































































































































































































































































































9.00 g/g DW) of some commercial dietary fiber-rich supplements (Goni & Martin-
Carron, 1998). Among the three seaweed samples, the remarkably high SWC and 
WHC values of the H. charoides and H. japonica suggested that the red seaweeds 
could be potentially used as functional ingredients to reduce calories, avoid syneresis 
and modify the viscosity and texture of formulated food. 
In this study, the SWC and WHC of the three seaweed samples at 37 °C were 
ranged from 13.0-24.1 ml/g DW and 9.71-14.0 g/g DW, respectively (Table 4.3). 
The SWC of U. lactuca was comparable to that of L. digitata (15.6 ml/g DW) at 37 
°C (Fleury & Lahaye，1991), while the SWC of the H. charoides and H. japonica 
were in agreement with those of Japanese seaweeds such as nori, hijiki, kombu and 
aonori (about 20.0 ml/g DW) determined at the same temperature (Suzuki, et al., 
1996). 
At 37 °C, although the WHC of all seaweed samples were lower than those of 
wakame (19.0-44.0 g/g DW) (Suzuki, et al., 1996) and L. digitata (18.7 g/g DW) 
(Fleury & Lahaye, 1991), their WHC values were comparable to those of hijiki and 
kombu (about 10.0-12.0 g/g DW) (Suzuki, et al., 1996) determined at the same 
temperature. Furthermore, a strong positive linear correlation was also obtained 
between the total amount of protein and TDF and the SWC (r = 0.93 at 25 °C; r = 
83 
0.95 at 37�C，n = 9，< 0.05) as well as the WHC (r = 0.97 at 25 and r = 0.95 at 37 
n = 9, < 0.05). This indicated that both SWC and WHC of the red and green 
seaweed samples depended very much on the amount of protein and TDF present. 
� 
Apart from the different water holding abilities in fiber described in 2.3.3, the 
differences in SWC and WHC among the seaweed samples might be attributed to the 
different protein conformations and the variations in the number and nature of the 
water binding sites on the protein molecules (Chou & Morr, 1979). In addition to 
chemical compositions, some physical properties such as structure, particle size, 
porosity, pH, temperature, ionic strength, types of ions in solutions and density are 
also important to the understanding of the different behaviors of samples during 
hydration (Aufifret et al.，1994; Fleury & Lahaye，1991; Robertson & Eastwood， 
1981). 
In this study, the effect of temperature on SWC and WHC was also investigated. 
In agreement with the observations of Arrigoni et al (1986) and Caprez et al (1986), 
both SWC and WHC of all seaweed samples increased significantly (p < 0.05, r-test) 
with temperature (Table 4.3). Such increase was probably related to the increase in 
the solubility of fibers and proteins (Fleury & Lahaye, 1991). Besides, the SWC was 
significantly (p < 0.05) correlated with WHC at each temperature (at 25�C’ r = 0.98 
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and at 3 7 � C ’ r =0.99, n = 9). Similar relationship (r = 0.96) on some Japanese 
seaweeds such as kombu, wakame and nori had been reported previously (Suzuki et 
al.，1996). The two hydration properties, SWC and WHC which are mainly 
determined by the food content such as dietary fiber (Sosulski & Cadden, 1982) have 
been shown to be closely related (Lopez et al., 1996). 
Table 4.3 also shows the OHC of the red and green seaweed samples. OHC is 
another important property of food ingredients used in formulated food. In this 
study, the OHC of the seaweed samples ranged from 0.65-0.95 g/g DW, with the 
OHC of H. japonica being the highest {p < 0.05, one-way ANOVA, Tukey-HSD). 
Among the seaweed samples, the considerably high OHC of the H. charoides and H. 
Japonica were comparable to the high OHC values of orange (0.86-1.28 g/g DW) and 
peach (1.02-1.11 g/g DW) dietary fiber concentrates reported in recent literatures 
(Grigelmo-Miguel & Martin-Belloso，1999; Grigelmo-Miguel et al., 1999). This 
suggested that the red seaweed samples would be suitable to stabilize of food 
emulsions with a high percentage of fat. 
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Basically, the mechanism of OHC is mainly due to the physical entrapment of 
oil by capillary attraction (Kinsella, 1976). Moreover, the hydrophobicity of proteins 
also plays a major role in fat absorption (Voutsinas & Nakai, 1983). Therefore, 
among the seaweed samples, the variations in OHC may be partially due to the 
different proportions of polar side chains of the amino acids on the surfaces of their 
protein molecules (Chau & Cheung, 1998). Furthermore, Fleury and Lahaye (1991) 
reported that the OHC of seaweed also related to the particle size, overall charge 
density and the hydrophilic nature of the individual particles. Similarly, the linear 
correlation between OHC and total amount of protein and TDF was positive and 
strong (r = 0.95’ n = 9, p< 0.05). This implied that the OHC of the red and green 
seaweed samples might also depend on the total content of protein and TDF present. 
4.3.4. Conclusions 
With respect to the high protein level and balanced amino acid profile, the two 
red seaweeds studied here appeared to be an interesting potential source of plant food 
proteins. However, the nutritional values of the seaweed obtained here were based 
on chemical analyses only. Biological evaluation using human and animal feeding 
studies would be required to establish the nutritional value of these seaweeds, 
particularly the in vivo protein digestibility and bioavailability of the essential amino 
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acids. Besides, H. charoides and H. japonica exhibited physico-chemical properties 
that are comparable to those of some commercial fiber-rich products, indicating that 
they could also be used as functional ingredients in formulated food. Furthermore, 
the three physico-chemical properties, SWC, WHC and OHC, had a high positive 
correlation with the total amount of TDF and protein in the three seaweed samples. 
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Chapter five: In vitro protein digestibility and amino acid profiles of 
seaweed protein concentrates isolated from some red {Hypnea 
charoides & Hypnea japonica) and green seaweeds {Ulva lactuca) 
� 
5.1. Introduction 
The production of plant protein concentrates (PCs) is of growing interest to food 
industry because of the increasing applications of plant proteins in food especially in 
developing countries (Akintayo et al, 1998; Sanchez-Vioque et al.，1999). To 
improve the nutritional quality of the product or for economic reasons, the use of 
plant PCs in food as fiinctional ingredient is very extensive. For example, whey PCs 
(Jayaprakasha & Bmeckner’ 1999) and soybean PCs (Qi et al.，1997) have been 
widely used as foaming, emulsifying, water binding and viscosity agents in food. 
However, these applications in the food trade are almost limited to protein from 
legumes (Chau et al., 1997; Qi et al., 1997; Sanchez-Vioque et al., 1999) and cereals 
(Jayaprakasha & Bmeckner, 1999; Prakash, 1996)，whereas other plant proteins are 
less used. 
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Seaweeds belonging to the Rhodophyta (e.g. Porphyra) and Chlorophyta (e.g. 
Ulva) contain high levels of protein (10-47% DW) with potential uses in human and 
animal nutrition such as functional food and fish feed, respectively (Fleurence, 
� 
1999a). However, only a few studies have been undertaken on the quality of the 
seaweed protein (Amano & Noda，1990; Dam et al, 1986; Fleurence, 1999a; Ito & 
Hon, 1989) because of the difficulties in the extraction and preparation of seaweed 
PCs mentioned in 3.1. 
The objective of this study was to evaluate the nutritional value of the PCs 
isolated from three subtropical seaweed, H, charoides, H. japonica and U. lactuca by 
determining their in vitro protein digestibility and amino acid profiles. 
5.2. Materials and methods 
5.2.1. Sample preparation 
Collection of fresh seaweeds, H. charoides, H. japonica and U. lactuca was the 
same as that mentioned in 4.2.1. As oven drying significantly improved the protein 
extractability from brown seaweeds and the quality of their PCs (Chapter 3), in the 
present study, all red and green seaweeds were oven-dried. Besides, the treatment of 
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the seaweed samples were the similar to that described in 2.2.1 before protein 
extraction and any nutritional analysis. 
� 
5.2.2. Extraction and precipitation of seaweed protein concentrates 
The red and green seaweed PCs were extracted and precipitated with the 
method mentioned in 3.2.2 and 3.2.3. 
5 .2 .5 . Crude protein analysis 
The percentage crude protein of the Hypnea and Ulva species as well as their 
PCs was determined by the CHNS/0 Elemental Analyzer (Perkin Elmer 2400, 
Connecticut, USA) according to the procedures described in 2.2.2.1. 
5.2.4. Extraction and determination of total phenolic contents 
The total phenolic contents in the red and green seaweeds as well as their PCs 
were extracted and analyzed according to the methods described in 3.2.5 and 3.2.6. 
For H. charoides, H. Japonica and U. lactuca (including their PCs), the optimal 
extraction conditions were 80% acetone for 6 h to achieve the optimal yield of total 
90 
phenolic compounds (Appendix). Besides, as the total phenolic content of red and 
green seaweeds was very low when compared to that of brown seaweeds (Indegaard 
& Minsaas, 1991; Mabeau & Fleurence, 1993)，the seaweed extracts of the red and 
� 
green seaweeds were mixed with 0.9 ml de-ionized water instead of 7.9 ml used in 
brown seaweeds in order to avoid the difficulties in detecting the very low 
concentration of total phenolic content in the seaweed samples by the 
spectrophotometer. Gallic acid was used as standard and results were expressed as 
milligrams of gallic acids equivalents (GAE) per gram of seaweed sample or GAE 
per grams of PCs on dry weight basis. 
5.2.5. In vitro protein digestibility 
The in vitro protein digestibility of the red and green seaweed PCs was 
determined by the method mentioned in 3.2.7. Sodium caseinate was used as control 
and the in vitro protein digestibility of seaweed PCs was expressed as a relative 
percentage to that of the sodium caseinate normalized to 100%. 
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5.2.6. Amino acid analysis 
The amino acid profiles (excluding tryptohans) of the red and green seaweed 
� - � ‘ 
PCs were evaluated according to the methods described in 2.2.3.1 and 2.2.3.2. The 
contents of different amino acids recovered are presented as mg g'^  protein and are 
compared with the FAOAVHO (1991) reference pattern. The essential amino acid 
(EAA) score was calculated by the method of FAOAVHO (1991) as shown below: 
mg of EAA in 1 g of test protein 
Essential amino acids score = x 100 
mg of EAA in 1 g of egg protein 
5.2.7. Statistical analysis 
All analyses were performed in triplicates. Except the data of amino acid 
profiles, all data were presented as mean values 土 S.D. and the mean values were 
analyzed by one-way ANOVA and Tukey-HSD at < 0.05 (SPSS 9.0, 1999) to 
detect significant differences among groups. Linear regression analysis was also 
performed 2Xp< 0.05 (SPSS 9.0’ 1999). 
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5.3. Results and discussion 
5.3.1. Protein extractability 
- , ‘ 
5.3.1.1. Crude protein and total phenolic contents in seaweeds 
Table 5.1 shows that when subjected to oven drying, the crude protein content 
(7.11-19.4% DW) of Hypea and Ulva species was similar to the results of freeze 
drying (7.06-19.0% DW) mentioned in Table 4.1 and lied within the range of red and 
green seaweeds (10-47% DW) reported by Fleurence (1999a). Besides, the crude 
protein content of the U. lactuca (7.11% DW) did not only significantly {p < 0.05, 
one-way ANOVA, Tukey-HSD) lower than that of the two red seaweeds (H. 
charoides and H. japonica) (18.1-19.4% DW) but was also lower than those of other 
Ulva species (10-26% DW) (Fleurence, 1999a). Furthermore, the crude protein 
content of H. charoides and U. lactuca was notably higher than the same species 





























































































































































































































































































































































































































































































































































































































































The presence of phenolic compounds in seaweeds has been known for a long 
time (Fujimoto et al, 1985; Pedersen, 1984; Ragan & Glombitza, 1986). In this 
study, the total phenolic content of the red and green seaweeds ranged from 8.48-
8.99 mg/g DW. Besides, the total phenolic contents in the red seaweeds were 
significantly {p < 0.05’ one-way ANOVA, Tukey-HSD) lower than that of the green 
seaweed (Table 5.1). 
5.3.1.2. %Nitrogen, %protein, sample dry weight, amount of protein and % yield of 
PCs 
Table 5.1 also shows that the %N, %protein, sample dry weight, amount of 
protein extracted and % yield of the red seaweed PCs were significantly (p < 0.05, 
one-way ANOVA, Tukey-HSD) higher than those of PCs from the green seaweed. 
This implied that the protein extractability of the red seaweed samples was higher 
than that of green seaweed. Besides, the %N of the three seaweed PCs (ranged from 
12.2-13.6%) agreed with the results observed for other red {Porphyra tenera and 
Grateloupia turuturu) and green (Ulva pertusa and Codium fragile) seaweed PCs, 
which ranged from 13.2-15.8% (Arasaki & Mino，1973; Fujiwara-Arasaki et al., 
1984). 
95 
As mentioned in 3.3.1.2，the significantly (p < 0.05，two-way ANOVA, Tukey-
HSD) lower protein extractability from freeze-dried Sargassum species was mainly 
due to the presence of substantial amount of total phenolic compounds in seaweeds. 
� 
In this study, a strong negative linear correlation (r = -0.92, n=9, p < 0.05) between 
% yield of seaweed PCs and total phenolic contents in seaweeds was also obtained, 
indicating that high total phenolic content in the seaweed samples might result in a 
lower % yield of seaweed PCs. Besides, the % yield of the seaweed PCs (ranged 
from 36.6-46.4%) was considerably higher than the findings (7.00-20.0%) reported 
by Fujiwara-Arasaki et al. (1984). Although the % yield of U. lactuca PCs (36.6%) 
was significantly (p < 0.05, one-way ANOVA, Tukey-HSD) lower than those of two 
Hypnea PCs (45.4-46.4%), it was comparable to those of U. rotundata (36.1%) and 
U. rigida PCs (26.8%) obtained in other studies (Fleurence et al., 1995). 
96 
5.3.2. Protein quality 
5.3.2.1. Total phenolic contents and in vitro protein digestibility of seaweed PCs 
• - • 
As described in 3.3.2.1, the significantly (p < 0.05, two-way ANOVA, Tukey-
HSD) lower in vitro protein digestibility of freeze-dried Sargassum PCs was mainly 
due to their notably high total phenolic contents. Similarly, in the present study, the 
linear correlation between the in vitro protein digestibility and the total phenolic 
content in the PCs was also negative and strong (r = -0.93, n = 9,p< 0.05), implying 
that the higher the amount of total phenolic contents present in seaweed PCs, the 
lower the in vitro protein digestibility of seaweed PCs would be obtained (Table 5.2). 
Besides, the in vitro protein digestibility of the red seaweed PCs was significantly {p 
< 0.05，one-way ANOVA, Tukey-HSD) higher than that of the green one. Fleurence 
(1999a) reported that the in vitro protein digestibility of seaweed proteins differed 
according to the species and seasonal variations of the content of anti-nutritional 
factors such as phenolic molecules and polysaccharides (Fleurence, 1999a; Indegaard 

























































































































































































































































































































5.3.2.2. Amino acid composition 
The amino acid profiles and the essential amino acid scores of the red and green 
seaweed PCs are presented in Table 5.3. The amino acids analyzed represented both 
the free and combined amino acids. The amount of essential amino acids of the 
seaweed PCs accounted for 36.2-40.2% of total amino acid content {[Level of total 
EAAs (mg/g of protein) / Sum of all measured amino acids (mg/g protein)] x 100%} 
which was comparable to those of the other red and green seaweed PCs reported in 
earlier literatures: 37.0-37.9% in Porphyra tenera, Grateloupia turuturu, Ulva 
pertusa and Codium fragile (Fujiwara-Arasaki et al., 1984); 37.1-42.0% in Ulva 
lactuca and Gelidium amansii (Ochiai et al., 1987) and 36.5-38.6% in Ulva rigida 
and Ulva rotundata (Fleurence et al.’ 1995). For essential amino acids, the three 
seaweed PCs was rich in leucine, valine and threonine, which also agreed with 
previous reports (Ochiai et al., 1987; Fleurence et al., 1995). Besides, the limiting 
amino acids of the Hypnea and Ulva seaweed PCs were the sulphur-containing 
amino acids (EAA score ranged from 0.24-0.79) and lysine (EAA score ranged from 
0.68-0.80). This observation was in accordance with the data of seaweed PCs 
isolated from Ulva pertusa, Codium fragile, Porphyra tenera and Grateloupia 
turututu (Arasaki & Mino，1973; Fujiwara-Arasaki et al., 1984). Except the sulphur-











































































































































































































































































































































































































































































































































































































































































































































































































were higher than those of the FAOAVHO requirement pattern (FAOAVHO, 1991) 
(Table 5.3). Furthermore, no cystine was detected in all seaweed PCs, which 
consistent with results reported by several authors (Arasaki & Mino’ 1973; Fleurence 
� 
et al., 1995; Fleurence et al., 1999). 
All seaweed PCs exhibited similar non-essential amino acid patterns in which 
aspartic and glutamic acids were the predominant amino acids (25.6-31.0% of total 
AA). This observation was in accordance with previous reports on other red and 
green seaweed PCs: 24.0-35% in Ulva amoricana (Fleurence et al., 1999); 26.0-
31.5% in Ulva rigida and Ulva rotundata (Fleuemece et al., 1995) and 21.8-25.6% in 
Porphyra Suborbiculata, Enteromopha lima and Ulva pertusa (Woo et al., 1979). 
Besides, the seaweed PCs were rich in glycine and alanine but poor in histidine, 
which was also consistent with the results of seaweed PCs such as Ulva pertusa, 
Codium fragile, Porphyra tenera, Grateloupia turututu (Arasaki & Mino, 1973); 
Ulva rigida, Ulva rotundata (Fleurence et al.’ 1995), Ulva lactuca and Gelidium 
amansii (Ochiai et al., 1987). 
In this study, there were some pronounced differences on the amino acid 
profiles between the red and green seaweed PCs. According to Arasaki and Mino 
(1973), higher levels of proline were obtained in red seaweed PCs {Porphyra tenera 
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and Grateloupia turututu) (6.42-6.59% of total AA) when compared with that of the 
green seaweed PCs (Ulva pertusa and Codium fragile) (4.65-4.83% of total AA). 
However, in this study, the red seaweed PCs {H. charoides and H. japonica) were � 
characterized by their relatively higher arginine level (10.4-10.6% of total AA; green 
seaweed {U. lactuca). only 5.00% of total AA). Similar results on other red 
seaweeds {Porphyra tenera and Grateloupia turututu) (19.5-19.6% of total AA) and 
green seaweeds {Ulva pertusa and Codium fragile) (15.6-17.8% of total AA) were 
reported by Fujiwara-Arasaki et al. (1984). For green seaweed PCs {U. lactuca), a 
notably higher alanine level (9.95% of total AA) was obtained when compared with 
those of the red seaweed PCs (Hypnea species) (6.33-6.53% of total AA). This 
phenomenon was consistent with the PCs of other Ulva species (7.29-8.11% of total 
AA) (Fleurence et al, 1995). Furthermore, in this study, the total amino acid content 
(ranged from 73.9-78.7 g/lOOg PCs) of each seaweed PCs was comparable to their 
corresponding % protein (76.3-85.0%) (Table 5.1). This indicated that the amount of 




With respect to the relatively higher crude protein content, protein extractability 
‘ . � ‘ 
(%N, %protein, amount of protein extracted and % yield) and protein quality (in 
vitro protein digestibility and amino acid profile) of their PCs, the two Hypnea 
seaweeds are more potent alternative plant protein sources for human and animal 
nutrition than the U. lactuca. Although the in vitro protein digestibility is an easier 
and more rapid technique, it is only an approximation of the true protein digestibility 
and not as accurate as the in vivo method. Therefore, biological evaluation using 
human and animal feeding studies would be required to establish the actual 
nutritional values of the seaweed PCs studied in here, particularly the in vivo protein 
digestibility. 
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Chapter six: Biological evaluation on protein quality of seaweed 
protein concentrates isolated from Hypnea charoides and Hypnea 
japonica 
‘ . . ‘ 
6.1. Introduction 
Protein quality refers to the ability of a food protein to support body growth and 
maintenance (Wardlaw & Insel, 1993). The biological and chemical evaluation of 
protein quality is a key factor in the search for new protein sources as well as in the 
development of food proteins (Carias et al., 1998). There is continuing interest in the 
development of accurate, precise, rapid and simple methods for evaluating protein 
quality of foods for regulatory purposes, international trade and consumer 
information (Pellett & Young, 1980; Sarwar et al., 1989). 
The inadequacy of bioassay techniques, including protein efficiency ratio 
(PER), for evaluating protein quality has long been recognized (Madi, 1993; Pellett 
& Young, 1980). The other alternative is amino acid scoring system in which amino 
acid content of a test protein is correlated with human requirements (Margen, 1981). 
However, the critical criteria to this protein evaluation method are the digestibility of 
protein and bioavailability of its amino acid constituents. It is known that not all 
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proteins are digested, absorbed and utilized to the same extent. Differences in 
protein digestibility may arise from inherent differences in the nature of food protein 
(protein configuration, amino acids bonding); from the presence of non-protein � 
constituents, which modify digestion (dietary fiber, tannis and phytates); and from 
the presence of anti-physiological factors or from processing conditions that alter the 
I 
I 
release of amino acids from proteins by enzymatic process (FAOAVHO, 1991). In I 
i 
recognition of this fact, the FAOAVHO/UNU (1985) have suggested the use of 
I 
I 
protein digestibility values to adjust data for amino acids composition in the 
evaluation of protein quality. Apart from the true protein digestibility (TD), 
biological indices like nitrogen balance (NB), biological value (BV), net protein 
) 
utilization (NPU), utilizable protein (UP) as well as net protein ratio (NPR) which I 
I 
are widely used in nutritional studies (Kalra & Jood, 1998; Wong & Cheung, 1998) 
are also recommended by the FAOAVHO (1991) for evaluating protein quality. The 
formulas of the biological indices are as follows (FAOAVHO, 1991): 
NB = I - F - U (1) 
I - (F- Fk) X 100 
TD = (2) 
I 
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I - ( F - F k ) - ( U - U k ) 
BV = (3) 
I - ( F - Fk) 
� B V x T D 
NPU = (4) 
100 
NPU X protein content (g/kg of diet on dry weight basis) 
UP = (5) 
100 
weight gain of test group + weight loss protein-free group 
NPR= (6) 
weight of test protein consumed 
The abbreviations used were: I (nitrogen intake), F (fecal nitrogen), Fk 
(metabolic or endogenous fecal nitrogen), U (urinary nitrogen) and Uk (metabolic or 
endogenous urinary nitrogen). Body weight gain and protein intake were expressed 
as grams per rat per day while I，F, Fk, U and Uk were expressed as milligrams per 
rat per day. 
Since nitrogen itself is easier to measure than protein and all amino acids 
contain nitrogen, it is chosen for measuring the metabolism of dietary protein 
(Wardlaw & Insel, 1993). As the biological indices mentioned above are related to 
the metabolism of dietary protein, it is important to understand the metabolism of 
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dietary protein before understanding the relationships among the biological indices. 
The metabolism of dietary and non-dietary nitrogen is shown in Figure 6.1. The 
hydrolysis of dietary protein (intake N) begins in the stomach. The cell lining of the 
stomach secretes a gastric protease in its inactive form (pepsinogen). The 
1 
hydrochloric acid of the stomach activates the pepsinogen, creating pepsin, which 
i 
can cleave whole protein into smaller polypeptides. When these polypeptides enter 
I 
the small intestine, pancreatic and intestinal proteases further hydrolyze them into 
tripeptides, dipeptides or amino acids. Then peptidases on the surface of the small 
intestine hydrolyze the dipeptides and tripeptides into the amino acids (the final 
I 
I 
product of protein digestion). Some of the dietary amino acids are absorbed 
(absorbed N) by the cells on the surface of the small intestine, passing through the 
interior of the intestinal cells and being transport to the liver via the hepatic portal 
vein. Absorbed amino acids are then transported to all body tissues. Useful 
absorbed amino acids are retained for growth (addition) and maintenance 
(replacement) of body tissues. Therefore, the role of protein in food is not to provide 
protein directly, but to supply the amino acids from which the body can make its own 
proteins. In fact, the body can make some amino acids (non-essential amino acids) 
for itself. But there are some amino acids called essential amino acids that the body 


































































































































































































































































































































































































































































































































essential amino acids are mainly obtained from the dietary proteins. Therefore, the 
first important factor of a diet with respect to the protein is that it should supply at 
least the nine essential amino acids (threonine, valine, cystine, methionine, 
-> ‘ 
isoleucine, leucine, tyrosine, phenylalanine and lysine) and enough nitrogen for the 
synthesis of the others. To make a protein, cells must have all the needed amino 
acids available simultaneously. If one amino acid is supplied in an amount smaller 
than is needed, part of the protein cannot be synthesized from the other amino acids 
(All-or none law). A diet that contains an imbalance of amino acids so severe as to 
limit body protein synthesis is said to be a diet containing protein of poor quality. 
When amino acids are supplied from this poor protein quality diet，the body wastes 
many amino acids (in the absence of one, the body cannot use the others). There is 
no place to store the unused dietary amino acids. If the body cells lack the sufficient 
amount of one amino acid to make the protein they need, they break down the other 
amino acids that they cannot use. Energy is derived from the carbon skeletons of the 
amino acids, and releases the amino nitrogen into blood stream as the compound of 
ammonia. The liver picks up the ammonia, converts it into urea (deamination), and 
returns it to blood. Finally, the kidneys filter the urea out of the bloodstream, thus 
unused amino acids end up in the urine as urea (urinary N). In addition, proteins are 
continuously being metabolized in every tissue inside the body. When these proteins 
break down, they release the amino acids to join the general circulation. Some of 
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these endogenous nitrogen may be promptly recycled into the body tissues while 
some are deaminated and excreted as urea in urine (metabolic urinary N). 
Furthermore, not all dietary amino acids are absorbed. These unabsorbed amino 
-、 • 
acids (together with undigested food such as fibers) carry bacterial cells and mucosa 
cells sloughed from the intestinal lining (metabolic fecal N) passing along the large 
intestine and finally excrete as feces (fecal N) (Wardlaw & Insel，1993; Whitney et 
a l , 1991). 
If the body retains the same amount of protein in its tissues from day to day, it is 
in balance (maintenance). If the body adds proteins, it is in a positive balance; if it 
loses protein, it is in a negative balance. Since protein is the only major nutrient 
contains nitrogen, these balance states can be detected from measuring the amounts 
of nitrogen entering (intake N) and leaving (fecal and urinary N) the body (equation 
1). Nitrogen balance (NB) is important because proteins are need for the growth and 
maintenance of all body tissues. The body must constantly build new cells to replace 
those lost from both the inside (mucosa cells sloughed from the intestinal lining) and 
outside (skin, hair and fingernail) exposed surfaces. If the body is growing (e.g. 
children), it must manufacture more cells than those that are lost. i.e. positive 
nitrogen balance. In this case, they are adding new cells to their body (skin, blood, 
bone etc.) every day (Wardlaw & Insel, 1993). 
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Nitrogen balance studies enable researchers to test the quality of various 
proteins. Proteins from a single food source (together with adequate energy from 
other food) would be adequate to meet the body's need if the supply of amino acids 
is similar to that of a reference protein (in this experiment: casein). If the body starts 
losing nitrogen, then something is wrong with the test protein: either it is not being 
well digested (additional N is being excreted in feces) or it has one or more limiting 
essential amino acids (additional N is being lost in urine) (Wardlaw & Insel’ 1993). 
The real situation can be investigated by measuring the above mentioned biological 
indices (equation 1 to 6). 
True protein digestibility (TO) measures the amount of absorbed N from a given 
intake N (equation 2). As shown in Figure 6.1., unabsorbed dietary N passes to the 
colon and is excreted in the feces, along with small amounts of non-dietary nitrogen 
(metabolic fecal N) from bacterial cells and sloughed intestinal mucosal cells. Thus 
to determine "true" protein digestibility, corrections must be made for non-dietary 
nitrogen (metabolic fecal N), which can be estimated as the amount of fecal nitrogen 
excreted when the animal is consuming a protein-free diet (McDonough et al., 1990). 
Besides, reviews of protein digestibility of some common foods as determined by 
human and rat balance methods suggested that the abilities of rats and humans to 
digest a variety of food proteins are similar (Bodwell et al., 1980). Therefore, 
111 
FAOAVHO (1991) recommended that the rat balance method (McDonough et al., 
1990) is the most suitable method to predict protein digestibility in humans. 
、 
-> ‘ 
Biological value (B V) of a protein measures the proportion of absorbed N that 
can be retained for growth or maintenance of body tissues (equation 3). As shown in 
Figure 6.1，when the protein tissues in the body breaks down, some of these 
endogenous amino acids (metabolic urinary N) undergo deamination and contribute 
the urinary N. Therefore, the "actual" BV should be corrected for this metabolic 
urinary as well as the metabolic fecal N described in TD. The metabolic urinary N 
can also be estimated from the amount of urinary N excreted by animals fed a protein 
free diet. 
After simplifying equation 4, it can be found that Net protein utilization (NPU) 
actually measures the amount of intake N that can be retained for growth or 
maintenance of body tissue. Therefore, similar to BV, both metabolic fecal and 
urinary N should be corrected in order to obtain the "true" NPU. As NPU represents 
the amount of intake N that can be utilized by the body tissue, when considering the 
protein content in diet (equation 5), the amount of dietary protein that can be utilized 
i.e. utilizable protein (UP), can also be calculated. 
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For maintenance, the amount of absorbed N (dietary protein) together with the 
endogenous N supply should compensate for the metabolic nitrogen losses 
(metabolic fecal and urinary N) and keep the N content in body tissues in balance. 
For growth, the body should be in a positive balance, i.e. the amount of absorbed N 
(dietary protein) together with the endogenous N supply should exceed the metabolic 
N losses. Such positive N balance provides extra N for protein synthesis of new 
body tissue, which can be reflected by body weight gain. Therefore, only part of 
utilizable protein from diet can be turned into new protein tissues increasing body 
weight during growth. This proportion of utilizable protein can be computed by the 
index. Net Protein Ratio (NPR) (equation 6). The amount of protein for maintenance 
(including endogenous N) can be obtained by body weight loss of animals fed a 
protein free diet. Apart from the endogenous N supply, the animal fed a protein free 
diet will break down protein in some body tissues in order to compensate the 
metabolic N losses, resulting a loss in body weight. 
As a result, the aforesaid biological indices describe the whole picture of the 
metabolic pathway of the dietary protein. Therefore, the protein quality of the test 
protein can be investigated more completely by determining these parameters. 
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With respect to their good amino acid profile, significantly (p < 0.05, one-way 
ANOVA^ Tukey-HSD) higher protein extractability and in vitro protein digestibility 
mentioned in chapter five, the two Hypnea PCs seem to be an alternative protein 
source in human and animal nutrition. In order to evaluate the protein quality of 
these two red seaweed PCs more completely, the aim of the following study was to 
forther evaluate their protein quality in growing rats, as reflected by the computed 
biological indices mentioned above. 
6.2. Materials and methods 
6.2.1. Sample preparation 
Collection and treatment of fresh red seaweeds, H. charoides and H. japonica 
were the same as that described in 5.2.1 prior to seaweed PCs extraction. 
6.2.2. Extraction and precipitation of seaweed protein concentrates 
Red seaweed PCs were extracted and precipitated by the method mentioned in 
3.2.2 and 3.2.3, respectively. 
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6.2.3. Diet preparation 
The control and test diets were prepared according to the AIN-93G purified diet 
(Reeves et al , 1993) with slight modifications. All the diets were formulated to 
contain identical levels of ingredients. This formulation allowed for constancy of 
gross energy density of each diet (Table 6.1). The gross energy of diet was 
calculated by employing the factors: proteins = 4.00 Kcal/g; carbohydrates = 4.00 
Kcal/g; fats = 9.00 Kcal/g. All diets contained 10% of protein, as this level of 
protein is limiting for growth in weanling rat and any effect of seaweed PCs would 
be more likely to have a significant change on their protein utilization. Casein served 
as the sole protein source for the control group while the sole protein source in the 
test diets came from their corresponding seaweed PCs. The formulations of the 
semi-purified test diets are shown in Table 6.1. A total of four diets were 
investigated: a casein-based control diet, a protein-free diet and two red seaweed PCs 
diets. Each diet was made up in a single batch of about 1 kg and their moisture 
content was also determined with the method described in 2.2.2.6. 
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Table 6.1. Chemical composition of the experimental diets (g/lOOg of diet on dried 
weight basis) 
Ingredients Diet 
Control Protein-free Hypnea Hypnea 
charoides japonica 
H. charoides PCs - _ - - - 10.0 ----
H. japonica PCs —— — — 10.0 
Casein' 10.0 0.00 0.00 
Dextrinzed cornstarch^ 13.2 13.2 13.2 13.2 
Corn starch^ 49.8 59.8 49.8 49.8 
Sucrose^ 10.0 10.0 10.0 10.0 
AIN minerals mixed^ 3.50 3.50 3.50 3.50 
Corn oil6 7.00 7.00 7.00 7.00 
AIN vitamins mixed^ 1.00 1.00 1.00 1.00 
Fiber (cellulose/ 5.00 5.00 5.00 5.00 
Choline bitartrate^ 0.20 0.20 0.20 0.20 
L-CystineiG 0.30 0.30 0.30 0.30 
Kcal/lOOg of diet 395 395 395 395 
Gross energy density (KJ/g) 16.6 16.6 16.6 16.6 
cornstarch (Catalog No. 160175, Teklad Test Diets, 2826 Latham Dr., Madison, 
Wise). ^Corn starch (Kingsford, CPC/AJI (Hong Kong) Ltd., Hong Hong). 
^Sucrose (Taikoo Sugar Ltd., Hong Kong). ^AIN Mineral Mix (AIN-93G-MX, 
Nutritional Biochemicals). ^Corn oil (Mazola, CPC International Inc., USA). 
^AIN Vitamin Mix (AIN-93G-VX, Nutritional Biochemicals). ^Cellulose (Catalog 
No. 160390, Teklad Test Diets, 2826 Latham Dr., Madison, WISC). ^Choline 
bitartrate (Product No. CI629, Sigma Chemical Co., St. Louis, MO). ^^L-Cystine 
(Product No. C8775, Sigma Chemical Co., St. Louis, MO ). 
116 
6.2.4. Rat hioassay 
The experimental procedures were similar to the rat balance method described 
、 -二 ‘ 
by McDonough et al. (1990). In brief, sixteen male, weanling Sprague Dawley rats 
from the same colony with initial body weight of 50-70 g were obtained from the 
Laboratory Animal Service Center of The Chinese University of Hong Kong. 
Animals transported from breeding colony to test laboratory were weighed when 
received, and fed standardized laboratory rat chow for an acclimation period of 2 
days. 
Four rats were then assigned randomly to each of the four experimental diet 
groups and were housed in individual metabolic cages kept under the conditions of 
18-26 °C, 40-70% relative humidity and with 12 h light /dark cycle. All animals had 
free access to water and diets. 
The rat balance method used in this study consisted of a 5-day preliminary 
period during which the rats were allowed to adapt to the diets and experimental 
conditions, followed by a 5-day balance period. During the balance period, feces, 
urinary output and spilled food were daily collected separately for each rat and 
frozen at -70 °C. At the end of the balance period, total food intake was determined 
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taking into considerations the amount of spilled and unconsumed diet. The frozen rat 
feces and urinary output were freeze-dried, weighed, ground and analyzed for 
percentage nitrogen by the CHNS/0 Analyzer (Perkin Elmer 2400，Connecticut, 
-、 ‘ 
USA) following the method described in 2.2.2.1. The endogenous or metabolic 
nitrogen loss was determined from the feces of the rats fed the protein-free diet. 
After completion of the feeding experiment, the rats were deprived of food for 16 h, 
weighed and then anthesized by using diethyl ether. The liver, spleen, kidneys, heart 
and stomach were rapidly excised and weighed in order to assess the growth 
performance of the experimental rats. 
6.2.5. Biological indices 
The data obtained from the animal experiments were used to calculate the 
parameters such as nitrogen balance (NB, equation 1), true protein digestibility (TD, 
equation 2), biological value (BV, equation 3)，net protein utilization (NPU, equation 
4)，utilizable protein (UP, equation 5) and net protein ratio (NPR, equation 6) 
described in 6.1. 
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6.2.6. Statistical analysis 
All data were presented as mean values 土 S. D. The results of all mean values 
、 
-> • 
were analyzed by one-way ANOVA and Tukey-HSD at/? < 0.05 (SPSS 9.0, 1999) to 
detect significant differences among groups. Linear regression analysis was also 
performed at/? < 0.05 (SPSS 9.0, 1999). 
6.3. Results and discussion 
6.3.1. Protein quality of seaweed PCs 
A common observation during the evaluation of protein quality in vivo is a 
voluntary reduction in food intake in the animals assigned to the test protein diet 
when the quality of this protein is lower than that of the control diet (Carias et al., 
1998). In this case, the result would be affected if part of the protein consumed is 
utilized as a source of energy and less protein is available to be incorporated into new 
tissues. As a result, the quality of this protein may be underestimated (Kino & 
Okumara, 1988; Muramatsu, 1990). Therefore, in order to accurately measure the 
quality of a protein, the food intake of both the experimental and the control groups 
should be similar (Carias et al., 1998). In this study, since there were no significant 
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differences of food intake in all different diet groups (Table 6.2)，any effect of 
seaweed PCs on the biological indices would be reliable and independent of the food 
intake factor. 
‘-、' 
As all diets contained the same amount of protein (10%, Table 6.1)，the protein 
and nitrogen intake of rats fed different diets would be proportional to their 
corresponding food intake. As a result, no significant differences of protein and N 
intake were obtained between the seaweed PCs and control diet groups (Table 6.2 & 
6.3). Only the weight gain of H. japonica PCs diet group was significantly (p < 0.05， 
one-way ANOVA, Tukey-HSD) lower than that of the control group (Table 6.2). 
However, when the weight loss of protein-free diet group was considered and the 
weight gain was expressed as per gram of protein intake (i.e. NPR) (equation 6), the 
NPR of the seaweed PCs diet groups did not significantly (p < 0.05，one-way 
ANOVA, Tukey-HSD) differ from that of the control group (Table 6.2). This 
implied that the proportion of utilizable seaweed PCs from diet that can turn into new 
protein tissues was similar to that of casein control (Figure 6.1.). 
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Table 6.2. Food intake, protein intake, weight gain, and NPR of rats fed with 
seaweed PCs diets^ 
D i e t “ 明 ” ~ Food intake Protein intake Weight gain NPR^ ‘ 
(g/rat/day) (g/rat/day) (g/rat/day) 
、 
-、‘ 
Contfd 11.6± 1.10' U i H T P 5.63 + 0.^"""""""""181 ± 0 . 3 " ^ 
K charoides PCs 10.5 ± 0.37a 1.05 ± 0.04a 4.63 ± 0.63ab 3.24 ± 0.48a . 
H. japonica PCs 10.1 ± 1.02a 1.02 土 O.lOa 4.50±0.4lb 3.25±0.10a 
'Data are mean values of four determinations 土 SD.~Means in columns with 
different superscripts (a-b) are significantly different (p < 0.05, one-way ANOVA, 
Tukey-HSD). ^NPR = Net Protein Ratio. 
Table 6.3. Nitrogen intake, fecal weight, fecal nitrogen and TD of rats fed with 
seaweed PCs diets' 
” " I T m t a k e ~ " e c a l w e i g h t " ^ c a l N ~ 
(mg/rat/day) (g/rat/day) (mg/rat/day) 
CoHSd 1 8 5 ± T 7 ^ 4.50 ±0.60 ' 14.0 ± 1.94^ 98.2 ± 0.47' 
H. charoides PCs 168 土 5.75" 4.27 土 0.46a 25.3 ± 1.66b 90.6 ± 1.16b 
H. japonica PCs 162±16.7a 4.07 ± 0.32a 27.8 士 1.1 lb 90.6 ± 4.57b 
丁Data are mearT valuer of four determinations 士 SD. Means i n c ^ m n s with 
different superscripts (a-b) are significantly different {p < 0.05, one-way ANOVA, 
Tukey-HSD). ^TD - True Protein Digestibility. 
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According to the National Research Council, the gross energy density needed 
for weanling rats to grow is 12.55 KJ/g of diet (NRCN, 1978). Therefore, the gross 
energy density of all the diets (16.6 KJ/g of diet, Table 6.1) in the present study 
exceeded the minimal value for growth. Besides, it is valuable to note that, the 
energy density of all diets still exceeded the minimal growth value of rat, even 
though the energy supply was only based on carbohydrate and fat (14.9 KJ/g diet). 
This indicated that apart from the protein, all experimental diets could provide 
sufficient adequate energy from other energy sources for weanling rats to grow. 
Therefore, dietary proteins are unlikely to be used to provide the energy need of the 
animals. As a result, the evaluation of protein quality on the test protein would be 
more accurate, reliable and meaningful (Wardlaw & Insel, 1993; Whitney et al., 
1991). 
Although the fecal weight and urinary N of seaweed PCs diet groups were not 
significantly {p < 0.05, one-way ANOVA, Tukey-HSD) different from those of the 
control group (Table 6.3 and 6.4), the fecal nitrogen loss of the seaweed PCs diet 
groups was significantly (p < 0.05, one-way ANOVA, Tukey-HSD) higher (about 2 
folds) than that of the control group (Table 6.3). Because of this significantly {p < 
0.05, one-way ANOVA, Tukey-HSD) higher fecal nitrogen excretion, significantly 









































































































































































































































































































































diet groups were obtained as compared with that of the control (equation 1 & 2， 
respectively) (Table 6.3 & 6.4). All NB was positive (positive N balance) indicating 
that there was extra nitrogen for the weanling rats to grow (synthesis of new protein 
tissues) although the amount of this extra nitrogen in control group was significantly 
(P < 0.05，one-way ANOVA, Tukey-HSD) higher. Besides, N was mainly lost in 
feces rather than in urine. Furthermore, the significantly (p < 0.05, one-way 
ANOVA, Tukey-HSD) lower TD values of seaweed PCs implied that their 
percentage of intake N that could be absorbed was lower than that of the control 
(FAOAVHO, 1991). 
Comparing with the seaweed PC diet groups, the control group did not only 
possess significantly (p < 0.05, one-way ANOVA, Tukey-HSD) higher apparent 
nitrogen retention (i.e. NB) (Table 6.4), but also exhibited the highest (p < 0.05，one-
way ANOVA, Tukey-HSD) level of absorbed nitrogen (i.e. TD) (Table 6.3). As a 
result, no significant differences between the BV of the seaweed PCs and control diet 
groups were obtained (equation 3) (Table 6.4). Moreover, this result also suggested 
that the proportion of absorbed nitrogen that was retained for maintenance or growth 
in both seaweed PCs and control diet groups were similar (FAOAVHO, 1991). 
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Table 6.4 also shows that both the NPU and UP of the seaweed PCs diets were 
significantly (p < 0.05, one-way ANOVA, Tukey-HSD) lower than those of the 
control, implying that the proportion of intake N retained for growth or maintenance 
、 
••、‘ 
as well as the maximum amount of protein that can be utilized in seaweed PCs diet 
groups were lower than those of the control (FAO/WHO, 1991). Although there 
were no significant differences in nitrogen intake by all diets groups (Table 6.3), the 
result of NPU and UP may probably be due to the significantly higher (p < 0.05’ one-
way ANOVA, Tukey-HSD) level of NB in the control group (equation 4 & 5) (Table 
6.4). 
In conclusion, the overall protein quality of the two red seaweed PCs was lower 
than that of the casein control. This was indicated by their significantly (p < 0.05, 
one-way ANOVA, Tukey-HSD) lower levels of nitrogen balance (NB), protein 
digestion (TD), net protein utilization (NPU) and utilizable protein (UP). The intake 
nitrogen was mainly lost in the feces and not in the urine, suggesting that the lower 
protein quality of the seaweed PCs would be mainly due to their relatively lower 
digestibility rather than limited supply of essential amino acids (which resulted in 
additional N lost in urine). However, the nitrogen retention (for growth and 
maintenance) of absorbed N from seaweed PCs was similar to that of absorbed 
casein N as there were no significant differences in BV of all diets even though the 
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absorbed nitrogen of seaweed PCs was significantly {p < 0.05，one-way ANOVA, 
Tukey-HSD) lower than that of the casein. Furthermore, the protein quality of the 
two red seaweed PCs was similar, as no significant differences were found in all the 
- ‘ 
biological indices between them. 
6.3.2. Weight of major organs 
Variations in the weight and appearance of livers in rats fed with different diets 
were related to the difference in the amount of cholesterol and oil added into the diets 
(Beynen et al., 1986; Dadai et al.，1996). The absence of significant differences in 
the weight of liver of all different diets groups (Table 6.5) may be explained by the 
fact that the amount of com oil added in each test diet was identical (5%, Table 6.1). 
Besides, the weights of kidney, spleen, stomach and heart of seaweed PCs diet 
groups were also not significantly {p < 0.05，one-way ANOVA, Tukey-HSD) 
differences from those of the control group (Table 6.5). This suggested that the 
I 
consumption of these two seaweed PCs would not cause any adverse effect on the 





































































































































































































































































































The protein quality of the seaweed PCs was comparable to that of common 
plant PCs obtained from legumes and cereals. Rozan et al. (1997) reported that, like 
seaweed PCs diet groups, the N intake of soybean PCs diet group was similar to that 
-、. 
of casein control group and the fecal N of the soybean and sweet lupine seed PCs 
diet groups were significantly lower than that of the casein control group. Besides, 
the TD of the seaweed PCs diets (over 90%, Table 6.3) was comparable to that of 
pea PCs (92.6%), faba bean PCs (93.0%), soybean PCs (81.2%) (Fernandez-Quintela 
et al., 1998) and rice bran PCs (84.1%) (Prakash, 1996). It is also worth to notify 
that positive linear correlation between the in vitro (Table 5.2) and in vivo true 
protein digestibility of the two red seaweed PCs was significant (p < 0.05, r = 0.97，n 
= 6 ) . Similar results on black bean protein (Coelho & Sgarbieri, 1995; Godinez et 
al., 1992), soybean, lupine and rapeseed proteins (Rozan et al.，1997) were reported. 
Besides, this correlation also implied that the in vitro protein digestibility method 
used in Chapter 5 was reliable and gave a good estimation on protein digestibility of 
the two seaweed PCs. Furthermore, similar to the seaweed PCs diet groups, the NB 
and NPU of rats fed with pea, faba and soybean PCs were significantly lower than 
that of the casein control (Fernandez-Quintela et al., 1998). However, on the 
contrary, a reduction on the weight of liver and spleen has been reported in rats fed 
with pea and soybean PCs (Fernandez-Quintela et al., 1998). 
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6.3.3. Conclusions 
Although the protein quality of the two seaweed PCs was lower than that of the 
、 
casein control based on the biological indices mentioned, they were comparable to 
those of the other common plant PCs. Besides, both seaweed PCs had no adverse 
effect on the weight of some major organs and together with their good protein 
quality; they possess the potential to be developed into a new plant protein source. 
Functional properties of these two seaweed PCs will be investigated in the following 
chapter. 
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Chapter seven: Functional properties of protein concentrates 
isolated from Hypnea charoides and Hypnea japonica 
7.1. Introduction 
The shortage of animal proteins in developing countries has continued to 
warrant increasing interest in plant proteins of desirable qualities. However, 
successful application of plant proteins in food formulation depends largely on the 
functional properties of these proteins (Milner, 1962). As a result, determination of 
the functional properties of proteins is very important for the utilization of any new 
protein (Prakash & Ramanatham, 1995). The functional properties of proteins have 
been defined as those physico-chemical properties, which affect the processing and 
behavior of proteins in food systems as judged by the quality attributes of the final 
product (Kinsella, 1976). Besides, functional properties are often used to denote any 
property of proteins that affects their uses, either as a processing aid or as a direct 
contributor of product attributes (Wilding et al., 1984). Most fiinctional properties 
affect the sensory characteristics of food and can play a major role in the physical 
behavior of foods or food ingredients during their preparation, processing and 
storage. Various forms of protein additives are added to foods to achieve functional, 
nutritional or economic goals (Rakosky, 1989). Potential functional benefits include 
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emulsification, foam formation, gelation, increased viscosity, and improved 
appearance, flavor, texture and binding of fat or water. As a result, the selection of a 
specific protein depends on the function to be achieved in a finished product. In the 
、 
-- ‘ 
previous chapter 5 and 6, two seaweed PCs isolated from H. charoides and H. 
japonica were found to have high nutritional quality (good amino acid profiles) and 
bioavailability (e.g. high in vivo protein digestibility). Therefore, in the present 
study, the functional properties of these two Hypnea PCs were further investigated 
and compared with those of the common plant protein, soybean PCs, in order to 
evaluate their potential to act as functional ingredients in formulated food. Totally 
six functional properties were studied: nitrogen solubility, water holding capacity, oil 
holding capacity, viscosity, emulsifying properties and foaming properties. 
The solubility of protein is considered as proportion of nitrogen in a protein 
product, which is in the soluble state under specific conditions (Zayas, 1997). 
Proteins, which recommended as food additives can be partly or completely soluble 
or completely insoluble in water. Nitrogen solubility is first fiwictional property 
usually determined during the development and testing of new protein ingredients. 
Knowledge of nitrogen solubility can give useful information on the potential 
utilization of the proteins as well as other functionality properties such as foaming, 
emulsification, viscosity etc. (Damodaran, 1996; Damodaran, 1997; Zayas, 1997). 
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Besides, solubility is also a main characteristic of protein selected for use in liquid 
foods and beverages. Solubility of a protein is fundamentally related to its surface 
hydrophobicity and surface hydrophilicity (Damodaran, 1997). Bigelow (1967) 
、 
suggested that the average hydrophobicity of amino acid residues and charge 
frequency are also two important factors to determine the solubility of a protein. 
High soluble proteins possess good dispersibility of protein molecules or particles 
and lead to the formation of finely dispersed colloidal system (Zayas, 1997). 
Potential applications of proteins can dramatically expanded if they possess high 
solubility. 
The water holding capacity of proteins can be defined as the ability to hold its 
own and added water during the application of forces, pressing, centrifugating and 
heating (Zayas, 1997). Besides, Hermansson (1986) defined water holding capacity 
as a physical property and is the ability of food structure to prevent water from being 
released from the three dimensional protein structure. Therefore, water holding 
capacity of proteins can be regarded as the ability to absorb or retain water against 
gravity physically and physico-chemically (Damodaran, 1997; Zayas, 1997). This 
water includes bound water, hydrodynamic water, capillary water and physically 
entrapped water (Damodaran, 1997). Water holding capacity imparts juiciness and 
tenderness, especially in comminuted meat products and baked doughs (Damodaran， 
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1997; Zayas，1997). 
The importance of the fiinctional property of oil holding depends on the type of 
--‘ 
food e.g. dairy food, sausage products, dough and bread. Binding of oil with food 
components especially proteins, influences the textural and other food quality 
properties such as emulsion and foam stability (Chobert & Haertl4 1997; Zayas, 
1997). The ability of proteins to absorb or retain oil and to interact with lipids in 
emulsions and other food systems is important in food formulations, since many 
properties of foods involve the interactions of proteins and lipids: formation of 
emulsion, fat emulsification in meats, fat entrapment in sausage batters and dough 
preparations etc (Chobert & Haertl6，1997; Zayas, 1997). Kinsella (1976) explained 
the mechanism of oil holding by proteins is mainly attributed to the physical 
entrapment of oil. Besides, Kinsella (1979) and Sathe et al. (1982) suggested that oil 
absorption is determined by the oil binding of the non-polar side chains of proteins, 
since non-polar side chains of protein molecules are the primary sites for lipid-
protein interactions. 
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The consumer acceptability of several liquid and semi-solid-type foods (e.g. 
gravies, soups, beverages) depends on the viscosity of the product. The viscosity of 
solutions is greatly affected by solute type. Large molecular weight soluble polymer 
- V 
• • - -
greatly increases viscosity even at low concentration and this also depends on several 
molecular properties such as size, shape flexibility and hydration (Damodaran, 
1997). Solutions with randomly coiled polymers display greater viscosity than do 
solutions of compact folded polymers of the same molecular weight. Certain 
proteins, such as gelatin, myosin etc., which have large axial ratios exhibit high 
viscosity even at low concentration (Damodaran, 1997). 
Emulsification is the most important process in the manufacturing of many 
formulated foods. Emulsion is a two-phase liquid system in which one of the liquids 
is dispersed as droplets in the other continuous liquid phase (Damodaran, 1996; 
Damodaran, 1997). Food emulsion can be of the oil-in-water (exhibiting a creamy 
texture) or water-in-oil type (possessing greasy textural properties) (Damodaran, 
1996; Zayas, 1997). Because the interfacial tension between the oil and water 
interfaces are very high, emulsions collapse as soon as they are created unless an 
emulsifier (amphiphilic chemical nature such as proteins) is applied and is adsorbed 
at the oil and water interfaces and to reduce the interfacial tension. Emulsifying 
activity (EA) and emulsifying stability (ES) are two useful functional characteristics 
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to describe the emulsifying properties in food emulsion system. EA is the ability of 
the protein to participate in emulsion formation and to stabilize the newly-created 
emulsion while ES is the capacity of emulsion droplets to remain dispersed without 
、 
separation by creaming, coalescing and flocculation (Zayas, 1997). 
The property of proteins to form stable foams is important in the production of a 
variety of foods. Foam can be defined as a two-phase system consisting of air cells 
separated by a thin continuous layer called the lamellar phase (Zayas, 1997). The 
foaming properties of proteins encompass the abilities to produce a large interfacial 
area of foam per unit weight of protein (foam capacity) and to stabilize the interfacial 
film against internal and external forces (foam stability) (Damodaran, 1996). The 
foamability of proteins is fiandamentally related to their film-forming ability at the 
air-water interface (Mita et al., 1977; Mita et al., 1978) while the stability of a 
protein-stabilized foam is affected by the rheological properties of the protein film 
(Damodaran, 1996). Food foams are usually very complex system, including a 
mixture of gases, liquids, solids and surfactants. The size distribution of air bubbles 
in foams influences the foam product's appearance and textural properties. Food 
foams with uniform distribution of small air bubbles imparts body, smoothness and 
lightness, which are related to the formation of air bubbles that allow volatilization of 
flavors with enhanced palatability of the foods (Zayas, 1997). Proteins such as soy 
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proteins and casein are widely used foaming agents, which contribute to the uniform 
distribution of fine air cells in the structure foods. However, proteins vary 
significantly in their foaming properties. 
•x 
7.2. Materials and methods 
7.2.1. Sample preparation 
Collection of fresh red seaweeds, H. charoides and H. japonica was the same as 
that mentioned in 4.2.1. Before protein extraction and any nutritional analysis, the 
two red seaweed samples were under oven-dried and made into powder as described 
in 2.2.1. Fully-grown seeds of soybean, purchased from local market and imported 
from Mainland China, were chosen for testing its functional properties. Cleaned 
seeds of soybean were ground in a cyclotec mill (Teactor, HoganaS, Sweden) to pass 
through a 0.5 mm screen before protein concentrates extraction. 
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7.2.2. Preparation of protein concentrates 
The red seaweed PCs were extracted and precipitated with the method 
、 
« ‘ 
mentioned in 3.2.2 and 3.2.3 while the soybean PCs was prepared according to the 
method described by Chau et al (1997). In brief, the soybean powder was firstly 
defatted with acetone by the method of Aluko and Yada (1995). The defatted meal 
was stirred in 15 volumes of water for 15 min, and the pH was adjusted to 9.5 before 
another Ih stirring. This suspension was then centriftiged at 5500 x g for 20 min. 
The pH of the superaatants was adjusted to its isoelectric point, which was pH 4 for 
the soybean proteins. The precipitates were re-dispersed in distilled water and the 
pH was adjusted to 7 prior to freeze drying. 
7.2.3. Nitrogen solubility 
Nitrogen solubility of the three PCs was evaluated by the method of Beuchat et 
al. (1975) over a pH range from 2 to 10. In brief, a 2% (w/v) protein suspension was 
prepared by mixing each seaweed PC with distilled water. For each PC, the pH of a 
series of protein suspensions was adjusted from pH 2 to 10 by the addition of 0.1 N 
hydrochloric acid and 0.1 N sodium hydroxide. The protein suspension was 
incubated at 25 °C over a 45 min period. Each suspension was then centrifuged at 
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3000 X g for 30 min and the supernatant was freeze-dried, weighed and analyzed for 
its nitrogen content with a CHNS/0 Elementary Analyzer by following the method 
described in 2.2.2.1. Nitrogen solubility in water was expressed as percentage of 
‘、 ‘ 
nitrogen of the PCs. 
7.2.4. Water and oil holding capacity 
The water and oil holding capacity of the three PCs was investigated with the 
method of Carcea Bencini (1986) with slight modifications. One gram of PCs was 
stirred in 10 ml of distilled water or com oil (Mazola, CPC International, Inc., USA) 
at 25 and then centrifiiged at 2200 x g for 30 min. The volume of the supernatant 
was then measured and weighed. The water holding capacity (WHC) was expressed 
as the number of grams of water held by one gram of PCs while the oil holding 
capacity (OHC) was expressed as the number of grams of oil held by one gram of 
PCs. Density of the oil was found to be 0.92 g/ml. 
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7.2.5. Viscosity 
The measurement of viscosity was done with the method of Carcea Bencini 
(1986). Protein suspensions at different concentrations (1%, 3% 5%, 7% & 10%) 
were prepared by dissolving a PC (2, 6，10, 14, 20 g, respectively) in 200 ml distilled 
water. The pH of the suspensions was adjusted to pH 7 with 0.1 N hydrochloric acid 
and 0.1 N sodium hydroxide. The viscosity of each protein suspension was 
determined with a Cannon-Ubbelohde Viscometer (size: 200) (Cannon Instrument 
Co., State College, PA.) incubated in a glass water tank with constant temperature 
(20 °C). The efflux time of each protein suspension was recorded and the viscosity 
(mPas) was calculated by the formula that provided by the manufacturer (Cannon 
Instrument Co.，State College, PA ): 
Viscosity (mPas) = Efflux time (s) x viscometer constant (0.1093 mm^ / s^) x density 
of solution (g / ml) 
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7.2.6. Emulsifying activity and emulsion stability 
The method used was according to the Sathe et al. (1983) with some 
、 
- , -
modifications. Two grams of the PCs in a 250 ml beaker was added to dissolve 100 
ml distilled water to yield a 2% (w/v) protein suspension. A series of 2% protein 
suspensions was adjusted to different pHs (ranged from 2 to 10) by the addition of 
0.1 N hydrochloric acid and 0.1 N sodium hydroxide and then homogenized at 1100 
rpm for 30 sec with a PT-3000 Homogenizer (Polytron, Kinematica AG, 
Switzerland) equipped with an aggregate labeled PT-DA 3020/2 T. One hundred 
milliliters of com oil was then added into the aqueous suspension, and the mixture 
was homogenized for another 1 min. The emulsion formed was centrifuged in a 50 
ml graduated centrifiige tube at 1200 x g for 5 min. The volume of the emulsion left 
in the tube was measured. Emulsifying activity (EA) was calculated as follows: 
EA%=[volume of emulsified layer / volume of whole layer in centrifuged tube]x 100 
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To determine the emulsion stability (ES), emulsion prepared by the above 
procedures was heated at 80 °C in a water bath for 30 min, cooled to room 
temperature (25 °C) and centrifUged at 1200 x g for 5 min. ES was calculated as 
、 
- - • 
follows: 
ES % = [volume of remaining emulsified layer / original emulsion volume] x 100 
7.2.7. Foam capacity and foam stability 
The foaming capacity and foaming stability of the three PCs were determined 
by the method ofNath and Narasinga Rao (1981) with slight modifications. Each PC 
(1.5 g) was added to 100 ml distilled water in a 250 ml beaker to yield a 1.5 % (w/v) 
protein suspension. A series of 1.5% protein suspensions was adjusted to different 
pH (ranged from 2 to 10) by addition of 0.1 N hydrochloric acid and 0.1 N sodium 
hydroxide. The mixture was whipped at low speed in a 250 ml Waring Blendor for 5 
min and its foam volumes were recorded after 30 sec. Foam capacity (FC) was 
expressed as percentage increase in foam volume measured after 30 sec and foaming 
stability (FS) was evaluated by measuring the FC after standing for 5, 30 and 120 
min. Both FC and FS were determined as a function of pH. 
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7.2.8. Statistical analysis 
All analyses were performed in triplicates. All mean values were analyzed by 
、 
two-way ANOVA and Tukey-HSD at < 0.05 to detect significant differences 
among groups except those of WHC and OHC which were analyzed by one-way 
ANOVA and Tukey-HSD at/? < 0.05 (SPSS 9.0, 1999). 
7.3. Results and discussion 
7.3.1. Nitrogen solubility 
Figure 7.1 shows the variations of nitrogen solubility of the two red seaweed 
PCs and soybean PCs under different pH conditions. Since the interaction effect 
between sample and pH was significant on nitrogen solubility {p < 0.05，two-way 
ANOVA), the nitrogen should be discussed separately for sample and pH. In other 
words, the pH effect should be compared at each sample and the sample effect 
should be compared at each level of pH (SPSS 9.0，1999). The minimum nitrogen 
solubility of H. charoides’ H. japonica and soybean PCs were 31.9%, 33.9% and 
5.33%, respectively at pH 4 (isoelectric point). At this pH, there is no net charge on 











































































































isoelectric point of the two Hypnea PCs was comparable to those of other seaweed 
PCs: Scenedesmus (pH 3.5-3.6) (Dim et al., 1993; Venkataraman & Shivashankar， 
1979) and Klehsormidium (pH 4.0) (Dua et al , 1993). On either side of pH 4，there 
、 
was a sharp increase in the solubility of nitrogen for all PCs, which indicated that all 
PCs were more soluble at extreme pH. Similar nitrogen solubility profile of other 
seaweed PCs had been obtained previously (Dua et al , 1993; Venkataraman & 
Shivashankar, 1979). At pH 2, the nitrogen solubility of the three PCs ranged from 
72.5-92.1% while at pH 12, the nitrogen solubility of the three PCs was up to 95.3-
98.2%. Over the pH range from 4 to 8, the nitrogen solubility of the two Hypnea 
PCs was significantly {p < 0.05, two-way ANOVA, Tukey-HSD) higher than those of 
the soybean PCs. However, at pH 2, the nitrogen solubility of soybean PCs was 
significantly (p < 0.05, two-way ANOVA, Tukey-HSD) higher than that of the two 
red seaweed PCs. Across the pH range, the nitrogen solubility of the H. charoides of 
did not differ significantly {p < 0.05, two-way ANOVA, Tukey-HSD) from that of 
the H. japonica PCs. Protein solubility is very complex and can be affected by many 
variables such as electrostatic interactions, hydrophobic interactions and hydrogen 
bonding. These three forces contribute to protein solubility by favoring protein-
protein interactions (indicated by lower protein solubility) or by favoring protein-
solvent interactions (indicated by higher protein solubility) (Kinsella et al , 1985). In 
the present study, the two red seaweed PCs showed good solubility especially in both 
144 
acidic and alkaline regions, which was an important characteristics in food 
formulations (Idouraine et al., 1991). Besides, the fairly high solubility of the two 
seaweed PCs in the acidic range may be useful in the formulation of acidic food such 
、 
as milk analogue products and protein-rich carbonated beverages (Dua et al , 1993; 
Kinsella, 1979). 
7.3.2. Water and oil holding capacity 
Table 7.1 shows that the WHC (ranged from 4.17-4.19 g/g DW) and OHC 
(ranged from 4.78-4.85 g/g DW) of the H. charoides and H. japonica PCs were 
significantly (p < 0.05, one-way ANOVA, Tukey-HSD) higher than those of the 
soybean PCs, although no significantly difference on WHC and OHC was obtained 
between the two red seaweed PCs. According to Chou and Morr (1979), the 
differences in WHC among the three PCs might be attributed to their different 
protein conformations as well as the number and nature of the water binding sites on 
the protein molecules. OHC of PCs is mainly attributed to the physical entrapment 
of oil (Kinsella, 1976). The higher OHC of the two red seaweed PCs might also be 
due to higher level of non-polar side chains on their protein molecules that bind the 
hydrocarbon chains of the fatty acids (Al-Kahtani & Abou-Arab，1993; Chau et al , 









































































































































































































































































retainers and improves the mouth -feel of food (Kinsella, 1976). In this study, the 
results suggested that both Hypnea PCs had good WHC and OHC. 
、 
- - ‘ 
7.3.3. Viscosity 
The results of viscosity measurement of H. charoides, H. japonica and soybean 
protein solutions at different concentrations are presented in Table 7.2. Like nitrogen 
solubility, an interaction effect between sample and concentration was obtained on 
the viscosity {p < 0.05, two-way ANOVA). A significant increase {p < 0.05，two-
way ANOVA, Tukey-HSD) in viscosity with increasing PCs solid concentrations was 
observed in all PCs. Concentration dependence of viscosity was also reported for 
other seaweed PCs (Dua et al., 1993). At concentration varying from 1% to 10% 
(w/v), the viscosity of the three PCs was significantly (p < 0.05, two-way ANOVA, 
Tukey-HSD) different from each other with the soybean PCs being the highest. 
Therefore, the viscosity shown in Table 7.2 appeared to be a function of not only the 
solute concentration but also the type of proteins. The present results also suggested 
that even seaweed of the same genus (Hypnea), their protein conformational 
characteristics might differ substantially enough to affect their specific viscosity, 
which were conformation dependent (Sathe et al , 1983; Idouraine et al., 1991). 

















































































































































































































































































































































foods (Vardhanabhuti & Foegeding, 1999). The low viscosity of the two red 
seaweed PCs allows the use of high protein concentrations, thus reducing the need to 
consume large volume of liquid to get the required protein intake. This is important 
in dietary products, which substitute for whole meals (Huffman, 1996) 
7.3.4. Emulsifying activities (EA) and emulsion stability (ES) 
For both EA and ES, the interaction effect between sample and pH were also 
significantly (p < 0.05, two-way ANOVA). The effect of pH on the emulsion activity 
of H. charoides, H. japonica and soybean PCs is shown in Figure 7.2. The EA 
values all PCs were similar at the pH range 2 to 10. At pH 4 (minimum N solubility, 
Figure 7.1.)，minimum EA values (45.6-54.5%) of the three PCs were found while on 
either sides of pH 4，their EA values increased. The EA of the three PCs at pH 2 
ranged from 50.6-58.3%, while the EA at pH 10 (maximum EA values) ranged from 
58.9-59.8%. Similar observations on the pH dependence of EA of other seaweed 
PCs had been reported (Dua et al.，1993). Moreover, the EA vs pH profile of all PCs 
closely resembled in shape the profile of their nitrogen solubility against pH (Figure 
7.1.)，suggesting that emulsification was caused by the solubilized proteins (Al-
Kahtani & Abou-Arab，1993; Dua et al., 1993). Therefore, in this study, the different 

















































































































of the proteins along the pH gradient from pH 2 to 10 (Chau et al , 1997; Sosulski & 
Fleming, 1977). This was in accordance with the general correlation between EA 
and nitrogen solubility found in previous studies (Crenwelge et al.，1974; Dua et al., 
、 
1993; Hung & Zayas, 1991). 
In contrast to the result of EA (Figure 7.2.), the ES of 丑 charoides and H. 
japonica PCs were pH dependent with maximum values (98.2-98.6%) at the pH 4 
(Figure 7.3). Similar observations on ES of seaweed Scenedesmus and 
Klehsormidium had been reported in previous literature (Dua et al, 1993). However, 
at pH 4，the ES of the soybean PCs was the lowest (94.7%). Except at pH 4，the ES 
of soybean PCs was significantly (p < 0.05, ANOVA, Tukey-HSD) higher than that 
of the two red seaweed PCs from pH 2 to 10. Besides, the ES of the two red seaweed 
PCs also significantly (p < 0.05, two-way ANOVA, Tukey-HSD) differed from each 
other along the pH range. Moreover, all PCs had their ES values higher than 92.3%. 
ES is important because the success of emulsion depends on its ability to maintain 
the emulsion in subsequent processing steps (Wolf & Cowan^ 1975). Hung and 
Zayas (1991) suggested that various factors including pH, droplets size, net charge, 
and protein conformation could affect the values of ES. In this case, the high ES of 
the three PCs, which involved heating of proteins at 80 °C for 30 min, might be 















































































































































more hydrophobic groups to interact more strongly with the lipid phase (Mahajan & 
Dua，1995). 
、 办,-
7.3.5. Foam capacity (FC) andfoam stability (FS) 
An interaction effect between sample and pH on FC was obtained while for FS, 
the interaction effect between sample and pH as well as ph and time were also found 
to be significant {p < 0.05, two-way ANOVA). The FC ofK charoides, H. japonica 
and soybean PCs were pH dependent and found to be lowest at pH 4 (51.3-59.1%) 
(Figure 7.4). The lowest FC was due to the protein behavior at their isoelectric point 
(Chau et al., 1997). On either side of pH 4，FC increased significantly {p < 0.05， 
two-way ANOVA, Tukey-HSD) and showed a V-shaped pattern. The FC of the two 
red seaweed PCs at pH 2 (85.4-86.8%) and pH 10 (142-149%) were similar to those 
of other seaweed PCs (75.0-90.0% for pH 2; 140-160% for pH 10) (Dua et al.，1993). 
Besides, from pH 6 to 10，the FC of the two red seaweed PCs were significantly {p < 
0.05, two-way ANOVA, Tukey-HSD) higher than those of the soybean PCs. The 
higher FC of all PCs at pH 2 and 10 was due to the increased net charges on the 
protein, which weakened the hydrophobic interactions but increased the flexibility of 
the protein. This allowed the protein to difiuse more rapidly to the air-water 












































































































Yada，1995). Similar to EA, the profiles of FC against pH of all PCs resembled for 
the profile of their nitrogen solubility against pH. A direct relationship between FC 
and nitrogen solubility of protein has been suggested previously (Nath & Narasinga, 
、 
1981; Kabimllah& Wills, 1988). 
The results given in Figure 7.4 were equivalent to the foam stability (FS) at the 
first 30 s after foam formation, and the FS values after standing for 5, 30，120 min 
are presented in Table 7.3. The FS of the three PCs were significantly (p < 0.05, 
two-way ANOVA, Tukey-HSD) decreased as the time increased. Besides, the FS of 
each time interval was also pH dependent with the lowest values at pH 4. This 
agreed with the results of other seaweed PCs reported previously (Dua et al., 1993). 
Furthermore, except pH 2, the FS of soybean PCs was significantly (p < 0.05, two-
way ANOVA, Tukey-HSD) higher than that of the two red seaweed PCs at each pH 
tested. The higher FS of soybean PCs might be due to the relatively higher surface 
activity of the soluble proteins in the soybean PCs than in that of the two Hypnea 
PCs (Onweluzo et al., 1994). The three PCs developed high initial foam volumes at 
both pH 2 and 10, but their FS were decreased significantly (p < 0.05, two-way 
ANOVA, Tukey-HSD) after standing for 120 min. On the other hand, the FS of the 
three PCs observed at pH 4 did not change appreciably beyond 30 min as compared 



































































































































































































































































































































































































conformation at their isoelectric points (Yatsumatsu et al , 1972). 
7.3.6. Conclusions 
It was found that Hypnea PCs had higher WHC and OHC than that of soybean 
PCs and their EA and FC were comparable to those of soybean PCs as well. The 
fiinctional properties of the two red seaweed PCs were similar except their viscosity 
and ES values. However, the comparison made in this study is valid only for PCs 
prepared via the specific method as well as the precise conditions used. A change in 
any element of the preparation procedure could change the relative functional 
properties of the seaweed types under investigation. Nevertheless, the results in this 
study suggested that PCs prepared from these two seaweed PCs could be used as 
ingredients in the preparation of comminuted sausage products (requiring high WHC 
and OHC), confection (such as nougats and marshmallow) and whipped toppings 
(requiring high FC) and meat analogs (requiring high EA and ES). Therefore, these 
seaweed PCs could be useful as whole or partial replacement of high price materials 
such as egg albumen and casein. 
157 
Chapter eight: Conclusions 
Variations in the effect of different drying methods (oven- or freeze-drying) on 
the proximate composition of the Sargassum species had been observed. With regard 
to the amino acids profiles and physico-chemical properties, freeze-drying treatment 
on brown seaweeds provided them with better nutritional quality and greater 
potential to act as functional ingredients in formulated food. However, the 
equipment and operation cost of freeze-drying is higher together with the drawbacks 
of smaller drying capacity and longer drying time are its drawbacks when compared 
to oven drying. As different drying methods possess their own advantages and 
disadvantages (such as operation cost, drying capacity, time, etc.), choosing the most 
appropriate drying method for seaweed requires considerations of several factors 
especially the way that the seaweed will eventually be used. 
It was found that oven-drying was more suitable for seaweed protein extraction 
than freeze-drying and the two Hypnea species were the most suitable seaweed 
samples for the preparation of protein concentrates (PCs). The overall protein 
quality of the two red seaweed PCs was lower than that of the casein but they were 
comparable to those of some common plant PCs. Besides, both red seaweed PCs had 
no adverse effect on the weight of some major organs in rats. Therefore, the two 
158 
Hypnea PCs had the potential to be developed as an alternative plant protein source 
for both human and animal nutrition. Furthermore, when compared with soybean 
PCs, the two red seaweed PCs possessed desirable functional properties such as 
••V 
emulsifying activity, foam capacity, water and oil holding capacity, which allowed 
them to be used in food formulations. In order to have a better understanding of the 
nutritional value of the Hong Kong seaweeds as well as their PCs, some future works 
are suggested below: (1) As seaweeds are commonly consumed together with some 
animal proteins such as beef, fish, etc. (Abbott, 1988)，the evaluation of the effect of 
inclusion of seaweed in a diet on the bioavailability of protein is important. (2) Since 
the two Hypnea PCs were found to be of good quality, further investigations on the 
bioavailability and fiinctional properties, scaled-up the extraction of these two red 
seaweed PCs and the incorporation of them into food system are worthy in order to 
assess their potential to be used as a fimctional food ingredients. (3) Apart from 
protein, the polysaccharides of seaweed (> 50% DW) could be a new source of 
dietary fiber. As the seaweed dietary fiber are chemically different from that of the 
land plant, they may have important physiological effects that are different from that 
of the land plant. Since the seaweed dietary fiber (e.g. alginates) is widely used in 
many food products nowadays, it is also valuable to investigate their nutritional 
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